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 alfa 
aa amino acid 
ATP adenosine triphosphate 
BAPS Bayesian Analysis of Population Structure 
bp base pair 
CC clonal complex 
C. jejuni  Campylobacter jejuni 
DNA deoxyribonucleic acid 
EDTA ethylenediamine tetraacetic acid 
Evira Finnish Food Safety Authority Evira 
FspA flagellar secreted protein 
 gamma
μg micrograms 
μl microlitre 
GGT -glutamyl transpeptidase 
km2 square kilometre 
MgCl2 Magnesium chloride 
min minutes 
ml milliliter 
MLEE multilocus enzyme electrophoresis 
MLST multilocus sequence typing 
mM millimolar 
NCTC National Collection of Type Cultures 
nt nucleotides 
PCR polymerase chain reaction 
PFGE pulsed field gel electrophoresis 
pmol picomol 
sec seconds 
sIA Standardized Index of Association 
ST sequence type 
Tris 2-Amino-2-hydroxymethyl-propane-1,3-diol 
U Unit 
6Abstract
Campylobacter is the main bacterial genus of gastroenteritis in 
Finland and C. jejuni accounts for more than 90% of the 
Campylobacter infections. The majority of infections occur during the 
summertime (June-August). Risk factors associated with the disease 
are the handling and consumption of undercooked chicken meat, 
drinking of raw milk or contaminated water and foreign travel. 
Nevertheless, the source of Campylobacter often remains obscure, 
due to the sporadic nature of the infection. Multilocus sequence 
typing (MLST) has been proven to be useful in molecular 
epidemiology and source attribution studies of this zoonotic food- and 
water-borne pathogen. 
Using MLST, we typed 454 C. jejuni isolates from domestically 
acquired human infections and 208 isolates from chicken meat and 
caecal samples collected between 1996 and 2006. In this study period, 
clonal complexes (CCs) ST-45, ST-21 and ST-677 covered 73.9% of all 
isolates. The annual overlap between STs from human and chicken 
isolates decreased from 76% in 1999 to 58% in 2006. CC ST-677 
occurred with an increasing trend among chicken isolates, but with a 
decreasing trend among human isolates.  
A high ST diversity was revealed among 102 Finnish bovine C. jejuni 
isolates. CC ST-21 alone accounted for 56% of the bovine C. jejuni 
isolates and encompassed 23 different STs. CC ST-61 was the second 
largest CC and included 20% of the isolates. Source attribution was 
determined by the Bayesian Analysis of Population Structure (BAPS) 
program, which showed that 44.3% of the human isolates were found 
in the bovine-associated BAPS cluster; 45.4% were found in the 
chicken-associated BAPS cluster and 10.3% remained unassigned. 
A high diversity of STs including novel and unassigned STs were 
found among the 113 C. jejuni isolates sampled from natural water 
bodies, wild birds and zoo animals. However, the most common ST 
found among human and poultry isolates, ST-45, was also the most 
7common ST typed among the natural water body isolates. In the BAPS 
analysis 65.4% of the human isolates grouped into the poultry-
associated cluster. A new cluster associated with natural water bodies 
emerged that largely consisting of uncommon and unassigned STs. 
Population differentiation revealed that the human and poultry 
populations and the human and natural water populations were the 
most similar to each other.  
The distributions of fspA1 and fspA2 among isolates taken from 
different sources and STs were studied. The human and poultry 
isolates, in addition to CC ST-45 and ST-283 were associated with 
fspA1, whereas the bovine isolates, CC ST-21 and ST-61 were 
associated with fspA2. FspA1 was highly conserved among the strains 
in contrast to fspA2, which was profoundly heterogeneous. Sequence 
analysis of the fspA2 allele in different STs showed that several 
predicted protein sequences contained premature stop codons.  
The presence of certain unique metabolic traits was found in some but 
not all C. jejuni strains. Gamma-glutamyl transpeptidase (GGT) and 
the gene for periplasmic L-asparaginase (ansBs) were often mutually 
exclusive with fucose permease (fucP). This particular combination, 
and also the presence of fucP only was highly ST dependent. The 
exception to this phenomenon was ST-45, which was very 
heterogeneous. Total absence of all studied metabolic traits occurred 
in 22% of the strains.  
The research conducted here conclusively showed a great diversity of 
C. jejuni STs among the human, bovine and environmental isolates. 
The overlap between Finnish human and chicken C. jejuni isolates 
declined between 1999 and 2006. However, natural waters could be 
an underestimated source of infection. Pronounced fspA2 diversity 
was found. The distribution of the secondary metabolic traits GGT, 
ansBs and fucP was promiscuous among the isolates obtained from 
different sources which suggests that animal colonization and human 
infection are not necessarily dependent on these traits.
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9Introduction 
Campylobacter is the major bacterial cause of gastrointestinal disease 
in the European Union (European Food Safety Authority, European 
Centre for Disease Prevention and Control 2011). Most of the 
Campylobacter infections are caused by the species Campylobacter 
jejuni and are often sporadic and usually self-limiting (Rautelin & 
Hänninen 2000, Olson et al. 2008). In Finland, the annual reporting 
ratio in was 80/100 000 in 2011, but a notably higher ratio was found 
in the Helsinki-Uusimaa region (125/100 000) (Terveyden ja 
hyvinvoinnin laitos 2012). The true incidence of the disease is likely to 
be much higher than that reported due to the fact that only 
laboratory-confirmed cases are included in these data (Olson et al.
2008, Jore et al. 2010). Symptoms of campylobacteriosis include 
diarrhea, cramps and fever and occasionally vomiting, headaches and 
in more severe cases bloody stools (Blaser & Engberg 2008). 
Moreover, serious post infectious sequelae, such as the Guillain-Barré 
syndrome, may develop (Allos 1997). 
C. jejuni is a gram-negative, curved rod, with one or two polar flagella. 
It has a growth range between 37°C and 42°C and requires a 
microaerobic atmosphere.  
C. jejuni is found in a wide variety of warm-blooded animals, as well 
as environmental reservoirs. Many countries have reported high 
numbers of C. jejuni in poultry (European Food Safety Authority 
2010). Moreover, following the withdrawal of poultry products, a 
decrease in human infections has been observed (Vellinga & Van 
Loock 2002, van Pelt et al. 2004), which suggests that poultry is an 
important source of human infections. However, other potential 
sources such as other meat stuffs, contaminated milk or contaminated 
drinking water should not be underestimated (Gillespie et al. 2002, 
Butzler 2004). 
A wide variety of typing strategies have been used to study the 
relatedness between clinical isolates of C. jejuni and those of known 
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and potential sources. Pulsed field gel electrophoresis (PFGE) has 
been successful in verifying the source of many outbreaks (Hänninen 
et al. 2003, Kuusi et al. 2004, Kuusi et al. 2005, Clark et al. 2005, 
Pitkänen et al. 2008). Multilocus sequence typing (MLST) is based on 
the indexing of neutral genetic variation among seven housekeeping 
genes. It is less discriminatory than PFGE, but more useful in long-
term epidemiological tracking of sources as the sequence types 
remain stable over a long period of time (Maiden et al. 1998, Dingle et
al. 2001a, Urwin, Maiden 2003, Maiden 2006, Kärenlampi et al.
2007).
In addition to long-term epidemiological applications, MLST 
generates sequence data that can be used in population genetic 
algorithms to define the population structure of a particular dataset 
(Pritchard et al. 2000, Corander et al. 2003). These programs have 
also been used to attribute sporadic human infections to different 
sources (Mullner et al. 2009a, Sheppard et al. 2009b, Strachan et al.
2009). 
Several genes involved in metabolism and potentially in virulence 
determination have been described as host or ST specific (Gonzalez et
al. 2009, Revez et al. 2011, Zautner et al. 2011, Gripp et al. 2011). The 
presence of these genes in isolates may have implications for the 
colonization and virulence potential of C. jejuni in asymptomatic 
warm-blooded animals and humans. Also, they could be involved in 
stress responses in the environment.  
The aim of this thesis was to analyse the molecular epidemiology of C.
jejuni isolates obtained from diverse sources in Finland and perform 
source attribution of the human isolates to the sources included in 
this study. In addition, the distribution of potential virulence 
determinants namely: fspA1, and fspA2, and the GGT enzyme along 
with genes coding for the unique metabolic traits ansBs and fucP were 
studied among our isolates.
11 
Review of the literature 
2.1 Campylobacter
Theodor Escherich is reputed to be the first to describe 
Campylobacter as ‘Commabacillen’ or ‘Finkler-Prior Spiralen’ which 
were found in the colons of children who died of a cholera-like 
organism (Escherich 1886). After careful review of the work by two 
veterinarians on abortion in sheep and cattle (McFadyean & 
Stockman 1913), the name Vibrio fetus was proposed due to the 
resemblance of vibrios in the early stages of growth (Smith & Taylor 
1919). A milk-borne outbreak among prisoners in the USA in 1938 is 
considered as the first documented case of human Campylobacter 
infection with V. jejuni (Levy 1946).  
The name Campylobacter was first proposed by Sebald and Véron in 
(Sebald & Véron 1963). Campylobacter became a separate genus from 
Vibrio due to its microaerophilic respiration, its inability to ferment 
glucose and the observation of a lower G+C content compared to the 
genus Vibrio (Sebald & Véron 1963). At first, Campylobacter could
only be isolated from blood cultures, but in 1968 the first isolates were 
obtained from faeces (Dekeyser et al. 1972). The isolation procedure 
was refined (Skirrow 1977), which enabled a plethora of species and
Campylobacter-like organisms to be detected during the 1980s. 
Finally Campylobacter received the recognition it deserved as an 
important human pathogen and became recognized as the principal 
bacterial cause of gastroenteritis in the developed world in the 1990s 
(Olson et al. 2008). A total of 24 species and 10 subspecies are 
currently known of which C. jejuni and C. coli are the major human 
pathogens (Euzéby 2012). 
Campylobacter belong to the class of -proteobacteria and are gram-
negative rods with a curved/spiral-shaped appearance. Flagella 
enable the bacteria to move actively and facilitate invading the 
gastrointestinal mucosa (Butzler 2004). The clinically important 
species, C. jejuni and C. coli, optimally grow between 37°C and 42°C 
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in a microaerobic atmosphere. Before the molecular biology era, the 
major method to distinguish C. jejuni and C. coli was based on the 
ability of C. jejuni to hydrolyse  hippurate. However, hippurate-
negative C. jejuni also exist and were initially wrongly classified as C.
coli (Totten et al. 1987, Siemer et al. 2005). Polymerase chain 
reactions (PCR), based on the polymorphisms in the ubiquitous 16S 
rRNA gene, the mapA gene in C. jejuni and the ceuE gene in C. coli
can be used to distinguish between the two species (Linton et al. 1996, 
Denis et al. 1999). Furthermore, PCRs for the hippuricase gene (Shen 
et al. 2001) and groEL sequencing (Kärenlampi et al. 2004) have 
been described as molecular tools for distinguishing Campylobacter 
species. 
Oligonucleotides microarrays have been utilised to study the diversity 
of Campylobacter species isolates from different hosts. Probes have 
been based on the first sequenced genome of C. jejuni strain NCTC 
11168 (Parkhill et al. 2000). An extensive DNA microarray study on 
18 C. jejuni strains that had been isolated from different sources 
found seven hypervariable plasticity regions (Pearson et al. 2003). 
These regions comprised genes for the utilisation of alternative 
electron acceptors, in addition to genes for the production and 
modification of cell surface structures along with several outer 
membrane, periplasmic or hypothetical proteins (Pearson et al.
2003). The C. jejuni strain M1 was sequenced by using 454 sequence 
technology and comparisons with the already sequenced C. jejuni
genomes revealed that C. jejuni has a core genome that consists of 
1295 genes, which is a bit more than half of the pan-genome (Friis et
al. 2010).
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2.2 Epidemiology of Campylobacter infections 
In the European Union, C. jejuni accounts for more than 90% of the 
Campylobacter infections (European Food Safety Authority, 
European Centre for Disease Prevention and Control 2011). In 
Finland the duty to report the disease was implemented in 1995 and 
reporting has seen a steady increase since then (Fig. 1). 
Figure 1 Reported campylobacteriosis cases in Finland from 1995 to 2011. Source 
(Terveyden ja hyvinvoinnin laitos 2012)  
The clinical symptoms and signs of the disease are diarrhoea, which 
may or may not be accompanied by fever, cramps, vomiting, headache 
and blood in the stools. The infection is usually self-limiting and 
normally resolves within a week (Blaser & Engberg 2008, Butzler 
2004). Sequelae of Campylobacter infections include Guillain-Barré 
syndrome and Miller Fisher syndrome and reactive arthritis (Rees et
al. 1995, Allos 1997, Hannu et al. 2002). Reactive arthritis and 
additionally joint pain were commonly detected among Finnish 
patients who previously had Campylobacter infections (Schönberg-
Norio et al. 2010, Uotila et al. 2011, Laine et al. 2012). 
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Typically, males seem to acquire the infections more often than 
females (Vierikko et al. 2004, Olson et al. 2008), which was especially 
pronounced in Finnish subjects with Campylobacter bacteraemia
(Feodoroff et al. 2011). Moreover, children younger than 5 years of 
age have a higher incidence of acquiring the disease (Olson et al.
2008). Similarly, patients older than 60 years of age in Finland 
showed a higher reporting ratio (Vierikko et al. 2004). 
Outbreaks of campylobacteriosis are uncommon and most of these 
have been associated with contaminated poultry either through direct 
consumption or indirectly through cross-contamination; drinking 
contaminated water (Hänninen et al. 2003, Kuusi et al. 2004, Kuusi 
et al. 2005, Clark et al. 2005) or contaminated milk (Evans et al.
1996, Schildt et al. 2006).  
The majority of Campylobacter infections are sporadic and often the 
source of these infections cannot be determined. Case-control studies 
have identified risky exposures (Gillespie et al. 2002). Most of these 
studies have been reviewed by Olson et al. (2008) who suggested that 
consumption of contaminated poultry meat to be the major source of 
Campylobacter infections. However, consumption of other meats, 
drinking tap and well water (Michaud et al. 2004, Schönberg-Norio et
al. 2004), swimming in natural sources of water (Schönberg-Norio et 
al. 2004), contact with livestock, contact with pets (Tenkate & 
Stafford 2001, Neimann et al. 2003, Friedman et al. 2004, Wieland et
al. 2005, Acke et al. 2010) and foreign travel (Neimann et al. 2003, 
Engberg et al. 2004, Evans et al. 2009, Terveyden ja hyvinvoinnin 
laitos 2010) have also been identified as significant risk factors.   
A pronounced seasonality of Campylobacter infections is seen in 
many European countries, including Finland with a peak occurring in 
the summer months (June-August) (Nylen et al. 2002, Jore et al.
2010). Changes in human recreational behavior, such as barbequing 
and participating in outdoor activities that result in environmental 
exposure and changes in seasonal carriage of Campylobacter in 
potential sources are thought to contribute to a higher incidence of 
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campylobacteriosis during summertime (Eberhart-Philips et al. 1997, 
Nylen et al. 2002). 
2.2.1 Reservoirs of C. jejuni 
The gastrointestinal tract of many warm-blooded animals, especially 
birds, can support the colonization of C. jejuni, asymptomatically 
(Kapperud & Rosef 1983, Rosef et al. 1983, Misawa et al. 2000, 
Petersen et al. 2001, Stanley & Jones 2003, Hakkinen et al. 2007,
Hakkinen et al. 2009, Oporto et al. 2011). The major reservoirs for 
human C. jejuni infections are considered to be broilers and other 
poultry.  An EU study on the prevalence of Campylobacter in broiler 
batches in 2008 showed that the northern European countries 
Finland, Norway and Estonia had less than 6% Campylobacter 
prevalence on their broiler carcasses, which was in sharp contrast to 
the mean European prevalence of 75.8%. C. jejuni was the major 
Campylobacter species found on these carcasses. (European Food 
Safety Authority 2010) 
C. jejuni is also found in ruminant meat-producing animals, such as 
cattle and sheep (Nielsen 2002, Stanley & Jones 2003, al-Saigh et al.
2004, Oporto et al. 2007, Hakkinen et al. 2007, Hakkinen et al. 2009, 
European Food Safety Authority, European Centre for Disease 
Prevention and Control 2011,). However, other meat-producing 
animals tend to carry different Campylobacter species; e.g. pigs 
usually carry C. coli (Padungton & Kaneene 2003, Litrup et al. 2007, 
European Food Safety Authority, European Centre for Disease 
Prevention and Control 2011), and only C. hyointestinalis has been 
found in Finnish reindeer to date (Hänninen et al. 2002, Kemper, 
Aschfalk & Holler 2006). Non-vertebrae vectors, such as flies (Rosef & 
Kapperud 1983, Hald et al. 2004b, Sproston et al. 2010), beetles 
(Skov et al. 2004) and slugs (Sproston et al. 2010) have been shown 
to carry C. jejuni and may act as transmission vectors locally between 
poultry flocks and ruminants.  
C. jejuni has also been found in samples obtained from both healthy 
and diarrhoeic pet animals, such as dogs and cats (Parsons et al.
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2009, European Food Safety Authority, European Centre for Disease 
Prevention and Control 2011). Nevertheless, dogs usually carry C.
upsaliensis, whereas C. helveticus is generally found in cats (Hald et
al. 2004a, Wieland et al. 2005, Rossi et al. 2008, Koene et al. 2009, 
Acke et al. 2010). 
Wild birds, such as starlings (Broman et al. 2004, Colles et al. 2009, 
French et al. 2009), geese (Waldenström et al. 2002, Lillehaug et al.
2005, Waldenström et al. 2007, Colles et al. 2008)  and gulls 
(Matsuda et al. 2004, Ramos et al. 2010, Lu et al. 2011, Keller et al.
2011) also constitute a reservoir for C. jejuni. However, the prevalence 
in wild birds has been much lower compared to that in poultry. C.
jejuni has been reported in other wildlife reservoirs (Pacha et al. 1987, 
Petersen et al. 2001), such as rabbits, badgers (Kwan et al. 2008a), 
bank voles (Williams et al. 2010), deer and wild boars (Rosef et al.
1983, Lillehaug et al. 2005). Finally, zoo animals have been reported 
to carry C. jejuni in their intestinal tracts (Luechtefeld et al. 1981, 
Adesiyun et al. 1998, Misawa et al. 2000, Stirling et al. 2008, Taema 
et al. 2008). One study showed that zoo animals with diarrhoea 
carried significantly more C. jejuni than healthy zoo animals 
(Luechtefeld et al. 1981).  
When outside the warm-blooded host, C. jejuni is subject to various 
environmental stresses, such as higher oxygen content, UV 
irradiation, drying, chlorination, heat, cold, freezing, high salt 
concentrations and pH fluctuations (Obiri-Danso et al. 2001, Park 
2002, Murphy, Carroll & Jordan 2006). Outside of the warm-blooded 
host the survival of C. jejuni is severely impaired. Nevertheless, C.
jejuni has been recovered from natural water bodies, sand and soil 
(Hänninen et al. 1998, Jones 2001, Hörman et al. 2004, Kemp et al.
2005, Rodriguez, Araujo 2010, Jokinen et al. 2011), which often 
indicates recent faecal contamination by wildlife (Pacha et al. 1987, 
Pitkänen et al. 2008). C. jejuni is able to form biofilms (Revez et al.
2011, Ica et al. 2012) and both biofilm formation and engulfment by 
amoeba (Axelsson-Olsson et al. 2005) may enhance the survival of C.
jejuni outside a warm-blooded host.
17 
2.3 Subtyping of C. jejuni 
The wide host range and the sporadic nature of C. jejuni infections in 
addition to its high diversity and weak clonal population structure 
often obscure the origin of the infection. Therefore, it is necessary to 
subtype C. jejuni strains below the species level to identify host 
tropism of certain subtypes, generate data for source tracking and 
learn about the ecology of the organism. Subtyping methods should be 
objective, fast, reliable, portable and sufficiently discriminatory.  
2.3.1 Phenotypic methods 
Two different serotyping systems have been described for 
Campylobacter, both of which make use of agglutination of heat-
stable (Penner & Hennessy 1980) and heat-labile antigens (Lior et al.
1981). However, low discriminatory power and untypeable isolates 
limit the usefulness of these methods.  
Multilocus enzyme electrophoresis (MLEE) is based on the mapping 
of loci that are not under high positive selective pressure, but 
accumulate their mutations at a slow rate such as housekeeping 
genes. MLEE measures the migration of metabolically important 
enzymes encoded by housekeeping genes on a starch gel (reviewed by 
(Selander et al. 1986). However, only those mutations that lead to 
amino acid changes and thus influence the electrophoretic mobility 
and conformation of the enzyme can be detected. Thus synonymous 
base substitutions that lead to the same amino acid being encoded 
would not result in a shift in the banding pattern on the gel. Although 
MLEE shows a greater discriminatory power than serotyping, it has 
not been commonly used due to the demanding labour involved and 
difficulties in exchanging the results between laboratories.  
2.3.2 Genotypic methods 
The limitations of phenotypic typing methods are evident and so 
better resolution is needed. A widely used genotyping method with a 
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high discriminatory power is pulsed field gel electrophoresis (PFGE). 
In this method, genomic DNA is digested by rare cutting restriction 
enzymes, which result in large DNA fragments that can be resolved on 
an agarose gel by applying an electrical field that periodically changes 
direction. PFGE is useful in short-term epidemiological studies 
(Hänninen et al. 1998, Fitzgerald et al. 2001, Allerberger et al. 2003, 
Kärenlampi et al. 2003) since single recombinational events often 
lead to a shift in the pattern. However, this makes the technique less 
suitable for long-term epidemiological investigations. In addition, 
PFGE is laborious to perform and the results are not easily 
comparable between laboratories.  
Other widely used genotypic methods for Campylobacter are
amplified fragment length polymorphism and flaA PCR (Wassenaar & 
Newell 2000). The latter is usually used in combination with another 
genotyping method to complement and increase the discriminatory 
power of the flaA PCR (Price et al. 2006, Djordjevic et al. 2007, 
Pittenger et al. 2009).
2.3.3 Multilocus sequence typing 
The first multilocus sequence typing (MLST) scheme was developed 
for Neisseria meningitides and was published in 1998 (Maiden et al.
1998). The MLST scheme for C. jejuni and C. coli was developed and 
validated in 2001 (Dingle et al. 2001b), and has been extended to 
include C. fetus (van Bergen et al. 2005) and degenerate primers have 
been developed to include the typing of five more Campylobacter 
species (Miller et al. 2005).  
MLST is based on the same principle as MLEE and was developed to 
establish a typing method, the results of which could be readily 
compared and shared between laboratories. In contrast to MLEE, 
MLST does measure the allelic diversity at the sequence level. In the 
C. jejuni MLST scheme, fragments, that range from 402 to 507 bp, of 
the following housekeeping genes are included; aspartase A (aspA), 
glutamine synthetase (glnA), citrate synthase (gltA), serine 
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hydroxymethyltransferase (glyA), phosphoglucomutase (pgm), 
transketolase (tkt) and adenosinetriphosphate synthase subunit 
(uncA). The sequences of the seven loci are assigned consecutive 
numbers as new allele sequences are found. Any combination of the 
seven numbers makes up a sequence type (ST). Subsequently, related 
STs can be grouped together into a larger lineage known as a clonal 
complex (CC) by using the program eBURST (Feil et al. 2004). 
Typically, STs that share four or more loci relative to the founder ST 
are grouped together into a CC. The curated PubMLST database was 
developed and made publicly available 
(http://pubmlst.org/campylobacter/) to facilitate the sharing and 
comparing of results between laboratories. 
An overview of MLST studies that involve C. jejuni isolates obtained 
from diverse sources is given in Table 1. Diverse STs and CCs are 
found in the same hosts worldwide and may represent certain host or 
niche adapted lineages of C. jejuni. For example, (Hepworth et al.
2011) reported on the existence of water/wildlife C. jejuni STs. 
Despite limited survival ability outside a warm-blooded host, certain 
STs seem to have adapted to unfavorable environments and are 
different from the STs commonly found in humans and other warm-
blooded hosts. However, certain widespread lineages exist as well, 
such as CC ST-21 and ST-45, but the factors underlying their 
adaptation capabilities are poorly understood. For example, CC ST-45 
and ST-45 in particular are usually found in high numbers among 
human and chicken isolates (Dingle et al. 2002, Kärenlampi et al.
2007, Lévesque et al. 2008, Ragimbeau et al. 2008, McTavish et al.
2009); whereas CC ST-21 and especially CC ST-61 are more 
commonly found isolates obtained from ruminants (Colles et al.
2003, Kwan et al. 2008b, Sheppard et al. 2009a). Certain 
geographical differences have also become evident. In New Zealand, 
the major ST associated with both human and chicken isolates was 
ST-474 (McTavish et al. 2008), whereas in Finland the ST-677 CC was 
common among the clinical and poultry isolates (Kärenlampi et al.
2007). Similarly in Sweden CCST-48 was common among chicken 
isolates (Griekspoor et al. 2010), whereas in Finland no CC ST-48 was 
detected among the chicken isolates (Kärenlampi et al. 2007).
20
Ta
bl
e 
1 
O
ve
rv
ie
w
 o
f m
ul
til
oc
us
 s
eq
ue
nc
e 
ty
pi
ng
 (M
LS
T)
 s
tu
di
es
 o
f C
am
py
lo
ba
ct
er
 je
ju
ni
 
R
ef
er
en
ce
M
aj
or
 C
C
s 
( %
1 )
M
aj
or
 S
Ts
 (%
1 )
So
ur
ce
s
of
C
. j
ej
un
i 
is
ol
at
es
2
Ye
ar
s
C
ou
nt
ry
3
D
in
gl
e 
et
 a
l.
(2
00
1)
21
 (4
5.
3)
; 4
5 
(1
2.
4)
; 
17
9 
(3
.6
) 
21
 (4
.1
); 
19
 (3
.1
); 
93
 (3
.1
) 
H
um
an
; c
hi
ck
en
; s
an
d 
fro
m
 re
cr
ea
tio
na
l b
ea
ch
es
; 
ca
ttl
e;
 m
ilk
; d
uc
k 
 
19
90
s 
U
K,
 N
L,
 A
U
, 
N
Z 
D
in
gl
e 
et
 a
l.
(2
00
2)
21
 (3
3.
3)
; 4
5 
(1
1.
4)
; 
20
6 
(7
.4
) 
H
um
an
; c
hi
ck
en
; l
am
b;
 
be
ef
; s
an
d 
fro
m
 
re
cr
ea
tio
na
l b
ea
ch
es
 
19
90
s 
U
K,
 N
L 
Sc
ho
ul
s 
et
 a
l.
(2
00
3)
21
 (2
8.
3)
; 4
5 
(9
.4
); 
46
 
(5
.6
); 
12
2 
(5
.6
) 
53
 (u
nk
no
w
n)
 
H
um
an
; p
ou
ltr
y;
 c
at
tle
; 
do
gs
; c
at
s;
 w
ild
 b
ird
s;
 ly
nx
; 
sh
ee
p 
19
90
s 
N
L,
 o
th
er
 
un
de
fin
ed
 
S
ai
ls
et
 a
l.
(2
00
3a
)
48
 (2
1.
8)
; 2
1 
(1
8.
2)
; 4
5 
(1
4.
5)
; 3
53
 (1
2.
7)
 
42
9 
(1
4.
5)
; 4
8 
(7
.3
); 
45
 
(7
.3
)
H
um
an
; p
ou
ltr
y;
 b
ov
in
e;
 
la
m
b;
 g
oa
t 
U
S
, J
PN
, C
A,
 
U
K
, B
E
 
S
ai
ls
et
 a
l.
(2
00
3b
)
21
 (4
2.
6)
; 2
2 
(1
7)
; 4
2 
(1
7)
 
21
 (2
7.
8)
; 2
2 
(1
7)
; 8
 
(1
4.
9)
; 4
2 
(1
4.
9)
 
H
um
an
; b
ov
in
e;
 w
ild
 b
ird
s;
 
m
ilk
 
O
ut
br
ea
ks
 
be
tw
ee
n 
19
81
-1
99
8
U
S
M
an
ni
ng
 e
t a
l.
(2
00
3)
21
 (3
0.
8)
; 6
1 
(1
0.
9)
; 4
5 
(1
0.
5)
 
21
 (1
1.
3)
; 6
1 
(5
.3
); 
45
 
(5
.6
)
P
ou
ltr
y;
 c
at
tle
; h
um
an
; 
sh
ee
p;
 p
ig
s;
 e
nv
iro
nm
en
t 
ar
ou
nd
 b
ro
ile
r h
ou
se
s;
 
pe
ts
; o
st
ric
h;
 g
ira
ffe
; w
at
er
 
U
K
, D
K,
 C
Z,
 
N
L,
 Z
A,
 F
R
, 
S
E
C
ol
le
s 
et
 a
l.
(2
00
3)
45
 (2
6.
8)
; 2
1 
(2
3.
2)
; 6
1 
(1
2.
5)
; 4
2 
(9
.8
) 
45
 (2
3.
2)
; 2
62
 (1
1.
6)
; 6
1 
(1
0.
7)
; 4
2 
(8
.9
) 
Sh
ee
p;
 b
ov
in
e;
 b
ro
ile
r; 
tu
rk
ey
; f
ar
m
 s
lu
rr
y;
 la
m
b;
 
st
ar
lin
gs
  
19
90
s 
E
N
G
 
D
ui
m
et
 a
l.
(2
00
3)
40
3 
(2
0)
; 5
08
 (1
9.
5)
; 4
8 
(1
3.
7)
; 2
1 
(1
0.
2)
; 4
1 
(7
.8
)
H
um
an
 
19
99
-2
00
0
C
W
 
C
la
rk
et
 a
l.
(2
00
5)
21
 (6
4.
2)
 
21
 (3
8.
3)
; 8
 (8
.6
); 
16
9 
(7
.4
)
H
um
an
; b
ov
in
e;
 c
hi
ck
en
; 
ca
ni
ne
 
19
98
-2
00
3
C
A
, U
S,
 E
G
, 
FR
 
Fr
en
ch
 e
t a
l.
(2
00
5)
C
at
tle
: 2
1 
(3
9)
; 6
1 
(2
2)
; 
45
 (1
1)
 
C
at
tle
, s
oi
l, 
sh
ee
p,
 ra
bb
its
, 
ba
dg
er
s,
 e
nv
iro
nm
en
ta
l 
19
98
-1
99
9
U
K
21
W
at
er
/w
ild
lif
e:
 4
5 
w
at
er
s,
 w
ild
 b
ird
s,
 o
th
er
 
w
ild
lif
e 
B
ul
l e
t a
l.
(2
00
6)
45
 (2
9.
7)
; 3
54
 (2
3.
1)
; 
21
 (1
8.
9)
 
35
4 
(2
2.
6)
; 4
5 
(1
2.
7)
; 2
1 
(9
.9
)
Br
oi
le
rs
, d
ur
in
g 
re
ar
in
g,
 
an
d 
th
ei
r e
nv
iro
nm
en
t 
20
00
-2
00
1
U
K
Ki
na
na
 e
t a
l.
(2
00
6)
35
3 
(2
6)
; 5
2 
(8
.7
) 
10
36
 (2
3.
9)
; 1
03
5 
(1
7.
4)
; 
10
39
 (1
0.
9)
 
C
hi
ck
en
 
20
00
-2
00
2
SN
P
ric
e 
et
 a
l.
(2
00
6)
,
O
'R
ei
lly
 e
t a
l. 
(2
00
6)
48
 (1
5.
2)
; 2
57
 (1
3.
9)
; 
35
4 
(1
3.
9)
; 2
1 
(9
.9
); 
52
 
(6
.6
)
48
 (1
5.
2)
; 5
28
 (1
1.
9)
; 2
57
 
(1
1.
3)
 
H
um
an
 
19
99
-2
00
1
AU
So
pw
ith
 e
t a
l.
(2
00
6)
21
 (2
8.
7)
; 4
5 
(9
.8
); 
25
7 
(7
.9
)
H
um
an
 
20
03
-2
00
4
E
N
G
 
D
jo
rd
je
vi
c 
et
 a
l.
(2
00
7)
,
M
ic
ka
n 
et
 a
l. 
(2
00
7)
48
 (1
5)
; 2
57
 (1
4.
4)
; 3
54
 
(1
3.
7)
; 2
1 
(1
1.
1)
; 5
2 
(7
.2
)
48
 (1
5)
; 2
57
 (1
1.
8)
; 5
28
 
(1
1.
8)
; 5
31
 (6
.6
) 
H
um
an
 
19
99
-2
00
1
AU
Kä
re
nl
am
pi
 e
t a
l.
(2
00
7)
45
 (4
5.
9)
; 2
1 
(2
1.
1)
; 
67
7 
(1
0.
8)
 
45
 (3
1.
1)
; 5
0 
(1
5.
7)
; 6
77
 
(8
)
H
um
an
; p
ou
ltr
y;
 b
ov
in
e 
19
96
-2
00
3
FI
 
O
gd
en
 e
t a
l.
(2
00
7)
53
; 2
67
; 5
73
 
C
hi
ck
en
s 
an
d 
dr
in
ki
ng
 
w
at
er
 s
up
pl
ie
s 
to
 c
hi
ck
en
s 
20
00
-2
00
2
SC
T 
O
ya
rz
ab
al
 e
t a
l.
(2
00
8)
48
 (3
0)
; 3
53
 (1
3.
3)
; 4
60
 
(3
.3
)
26
24
 (5
3.
3)
; 4
29
 (3
0)
; 
35
3 
(1
3.
3)
; 4
60
 (3
.3
) 
Br
oi
le
r 
20
05
PR
Kw
an
 e
t a
l.
(2
00
8a
)
21
 (2
3.
5)
; 4
5 
(2
1.
79
, 6
1 
(1
5)
 
21
 (1
0.
7)
; 4
5 
(1
3.
5)
; 6
1 
(9
.5
)
C
at
tle
; w
ild
 b
ird
s;
 ra
bb
it;
 
en
vi
ro
nm
en
ta
l w
at
er
s;
 
ba
dg
er
s;
 s
he
ep
; s
oi
l; 
du
ck
; 
w
at
er
 tr
ou
gh
 
20
00
-2
00
1
U
K
Kw
an
 e
t a
l.
(2
00
8b
)
61
 (2
4.
2)
; 2
1 
(2
3.
6)
; 4
2 
(2
0.
5)
; 4
8 
(9
.1
); 
22
 
(7
.1
); 
25
7 
(5
.4
) 
61
 (2
3.
2)
; 4
2 
(1
8.
2)
, 4
8 
(8
.4
); 
22
 (6
.4
); 
25
7 
(4
.4
) 
C
at
tle
 
20
03
U
K
Lé
ve
sq
ue
 e
t a
l.
(2
00
8)
21
 (2
6.
3)
; 4
5 
(1
8.
39
; 
35
3 
(1
1.
1)
; 4
2 
(5
.9
9;
 6
1 
(5
.2
)
21
 (1
5.
2)
; 4
5 
(1
2.
1)
; 6
1 
(4
.5
); 
42
 (3
.8
); 
35
3 
(3
.5
) 
H
um
an
; c
hi
ck
en
; 
en
vi
ro
nm
en
ta
l w
at
er
s;
 m
ilk
 
19
98
-2
00
3
C
A,
 E
ur
op
e,
 
C
en
tra
l/S
ou
th
 
Am
er
ic
a,
 T
D
, 
TN
, I
D
N
 
M
cT
av
is
h 
et
 a
l.
(2
00
8)
48
 (3
0.
8)
; 2
1 
(2
9.
9)
; 
47
4 
(2
9.
9)
; 1
90
 (1
6.
8)
; 
H
um
an
 
20
06
N
Z 
22
35
4 
(8
.4
) 
35
4 
(8
.4
); 
50
 (7
.5
) 
R
ag
im
be
au
 e
t a
l.
(2
00
8)
21
 (2
4)
; 2
06
 (9
.1
); 
45
 
(8
.3
); 
25
7 
(6
.7
); 
48
 
(6
.2
)
19
 (7
.2
); 
21
 (5
.8
); 
45
 
(4
.3
); 
48
 (4
.3
) 
H
um
an
; b
ov
in
e;
 p
ou
ltr
y 
20
05
-2
00
7
LU
C
ol
le
s 
et
 a
l.
(2
00
8)
C
hi
ck
en
s:
 6
61
 (2
9.
5)
; 
21
 (2
7.
4)
; 5
73
 (2
5.
5)
 
G
ee
se
: 1
03
4 
(1
8.
7)
; 
70
2 
(1
2)
 
C
hi
ck
en
s:
 8
14
 (2
6.
4)
; 1
9 
(1
9.
8)
; 5
73
 (1
9.
5)
; 5
74
 
(6
.9
)
G
ee
se
: 7
02
 (1
0.
8)
; 1
03
3 
(9
)
C
hi
ck
en
s 
an
d 
ge
es
e 
(s
ta
rli
ng
s 
w
er
e 
ex
cl
ud
ed
 
an
d 
ar
e 
de
sc
rib
ed
 b
y 
C
ol
le
s 
et
 a
l. 
20
09
) 
20
02
-2
00
3
U
K
G
or
m
le
y 
et
 a
l.
(2
00
8)
C
hi
ck
en
: 2
57
; 2
1;
 4
5;
 
35
3;
 3
54
 
H
um
an
: 2
1;
 4
5;
 2
57
; 4
8 
C
hi
ck
en
: 2
57
; 2
1;
 4
5 
H
um
an
: 2
1,
 4
5,
 2
57
, 4
8 
H
um
an
 a
nd
 re
ta
il 
ch
ic
ke
n 
20
01
20
06
SC
T 
Sa
hi
n 
et
 a
l.
(2
00
8)
21
8
O
vi
ne
 a
bo
rti
on
 c
as
es
 
20
03
-2
00
7
U
S
So
pw
ith
 e
t a
l.
(2
00
8)
45
 (4
5.
9)
; 2
1 
(8
.2
); 
48
 
(6
.6
)
45
 (3
4.
4)
; 4
8 
(4
.9
) 
R
iv
er
 
20
03
-2
00
5
U
K
C
ol
le
s 
et
 a
l.
(2
00
9)
68
2 
(4
4.
4)
; 1
77
 (2
4.
2)
 
10
20
 (2
1.
5)
; 1
77
 (1
5.
7)
 
St
ar
lin
gs
 
20
02
-2
00
5
U
K
C
ar
te
r e
t a
l.
(2
00
9)
23
81
 (1
9)
; 1
27
5 
(1
6)
; 
45
 (1
3)
; 2
1 
(6
); 
10
34
 
(5
): 
36
40
 (5
) 
23
81
 (1
2)
; 4
5 
(1
0)
; 1
22
5 
(9
)
R
iv
er
s 
20
00
-
20
01
;
20
05
-2
00
8
N
Z 
G
rie
ks
po
or
et
 a
l.
(2
00
9)
45
45
M
ac
ar
on
i p
en
gu
in
s 
An
ta
rc
tic
a 
G
u 
et
 a
l.
(2
00
9)
35
3 
(4
3.
9)
 
18
39
 (2
9.
3)
; 2
13
2 
(2
4.
4)
; 
29
34
 (1
9.
5)
 
Tu
rk
ey
 
20
03
-2
00
6
U
S
Fr
en
ch
 e
t a
l.
(2
00
9)
45
 (5
8.
3)
 
45
 (5
0)
 
W
ild
 b
ird
s 
20
04
-2
00
5
N
Z 
H
ug
he
s 
et
 a
l.
(2
00
9)
45
 (1
9)
; 4
8 
(1
4)
 
45
 (1
99
; 4
8 
(1
1)
 
W
ild
 b
ird
s 
20
04
-2
00
6
E
N
G
 
Sh
ep
pa
rd
 e
t a
l.
(2
00
9)
H
um
an
: 2
1,
 4
5,
 4
8,
 2
57
 
C
hi
ck
en
: 2
57
, 4
43
, 5
73
, 
57
4
W
ild
 b
ird
s:
 1
79
, 1
27
5 
C
at
tle
/s
he
ep
: 6
1,
 2
06
, 
40
3
En
vi
ro
nm
en
t: 
17
7,
 6
82
 
C
hi
ck
en
: 5
0,
 1
37
, 2
57
, 
35
4,
 4
43
, 5
73
, 5
74
 
C
at
tle
/s
he
ep
: 2
62
, 4
2,
61
, 
20
6
W
ild
 b
ird
s:
 2
20
, 6
37
 
En
vi
ro
nm
en
t: 
12
86
 
H
um
an
, c
hi
ck
en
, c
at
tle
, 
sh
ee
p,
 w
ild
 b
ird
s,
 s
an
d 
an
d 
su
rfa
ce
 w
at
er
s 
20
05
-2
00
6
SC
T 
H
ab
ib
 e
t a
l.
(2
00
9)
21
 (2
3.
5)
; 4
5 
(4
9)
; 2
57
 
50
 (1
3.
1)
; 4
5 
(6
.9
); 
25
7 
C
hi
ck
en
 m
ea
t 
20
07
B
E
2
3
(1
1.
7)
 
(6
.9
); 
35
4 
(5
.5
); 
57
2 
(4
.8
); 
35
4 
(4
.1
) 
K
or
cz
ak
 e
t a
l.
(2
00
9)
21
 (2
2.
8)
; 4
5 
(1
5)
; 4
8 
(8
.8
); 
20
6 
(7
.7
) 
21
  (
10
.6
); 
45
 (8
.8
); 
48
 
(6
.1
); 
50
 (5
.6
); 
12
2 
(3
.9
) 
H
um
an
, c
at
tle
, p
ou
ltr
y,
 p
ig
, 
do
g,
 c
at
, w
at
er
 
19
93
-2
00
3
C
H
M
cT
av
is
h 
et
 a
l.
(2
00
9)
21
 (2
9.
5)
; 4
5 
(1
5.
3)
; 6
1 
(8
.4
)
45
 (1
2.
6)
; 5
0 
(1
0.
3)
; 5
3 
(5
.4
)
H
um
an
; c
hi
ck
en
; s
he
ep
; 
w
at
er
; c
at
tle
; d
uc
k;
 p
ig
  
20
01
-2
00
5
N
Z 
M
ul
ln
er
 e
t a
l.
(2
00
9b
)
H
um
an
: 4
8 
(4
2.
6)
; 4
5 
(1
0.
6)
; 2
1 
(1
9.
2)
 
C
hi
ck
en
: 4
5 
(2
2.
9)
; 4
8 
(2
2.
3)
; 2
1 
(2
0.
5)
 
Bo
vi
ne
: 2
1 
(6
0)
; 4
2 
(1
1.
6)
; 6
1 
(1
0.
5)
 
O
vi
ne
: 2
1 
(4
1.
6)
; 4
2 
(1
9.
6)
; 4
03
 (1
9.
6)
; 6
1 
(1
9.
6)
 
En
vi
ro
nm
en
t: 
U
na
ss
ig
ne
d 
(3
8.
7)
; 4
5 
(2
3.
3)
; 1
27
5 
(1
4.
4)
  
H
um
an
: 4
74
 (3
0.
7)
 
C
hi
ck
en
: 4
5 
(2
2.
6)
; 5
0 
(1
1.
9)
; 4
8 
(1
0.
7)
; 4
74
 
(8
.9
); 
45
1 
(6
.1
) 
Bo
vi
ne
: 5
3 
(2
4.
2)
; 5
0 
(1
2.
1)
; 4
2 
(1
1.
1)
 
O
vi
ne
: 5
0 
(1
5.
7)
; 4
22
 
(1
3.
6)
; 4
2 
(1
2.
99
; 2
02
6 
(1
2.
9)
; 6
1 
(1
0)
 
En
vi
ro
nm
en
t: 
45
 (1
7.
8)
; 
23
81
 (1
7.
8)
; 1
22
5 
(7
.8
)  
H
um
an
; c
hi
ck
en
 (m
ea
n 
of
 
al
l s
up
pl
ie
rs
); 
ov
in
e;
 
bo
vi
ne
; e
nv
iro
nm
en
t 
20
05
-2
00
8
N
Z 
N
ie
ls
en
 e
t a
l.
(2
00
9)
21
 (2
9.
9)
; 4
5 
(2
2)
; 2
2 
(1
1)
 
45
 (1
3.
9)
; 2
2 
(9
.9
), 
53
 
(6
.6
); 
38
8 
(6
.6
) 
H
um
an
 
20
02
-2
00
3
D
K,
 C
N
, J
PN
, 
M
E
X
Is
la
m
 e
t a
l.
(2
00
9)
40
3 
(3
0.
6)
; 3
62
 (1
4.
3)
 
32
19
 (2
6.
5)
 
H
um
an
 
20
06
-2
00
7
BD
O
gd
en
 e
t a
l.
(2
00
9)
21
, 4
5,
 6
1,
 1
79
, 1
27
5 
22
0,
 6
37
 
C
at
tle
, s
he
ep
, p
ig
s,
 b
ird
s,
 
du
ck
s,
 g
ee
se
, g
ul
ls
, 
pi
ge
on
s,
 p
ou
ltr
y 
20
05
-2
00
6
SC
T 
P
ar
so
ns
 e
t a
l.
(2
00
9)
45
 (3
3.
3)
; 2
1 
(1
2.
1)
; 
50
8 
(1
2.
1)
; 4
03
 (9
) 
45
 (1
5.
1)
; 2
77
2 
(1
2.
1)
; 
33
4 
(9
) 
D
og
s
20
05
-2
00
8
U
K
M
ill
er
 e
t a
l.
(2
00
9)
35
3 
(4
2.
9)
; 3
54
 (2
8.
6)
 
35
3 
(4
2.
9)
; 3
54
 (2
8.
6)
 
C
hi
ck
en
 
20
06
-2
00
7
G
R
D
 
C
ol
le
s 
et
 a
l.
(2
01
0)
35
4 
(3
1.
1)
; 4
43
 (2
4.
6)
; 
66
1 
(9
); 
60
7 
(8
.1
) 
14
89
 (3
1.
1)
; 5
1 
(2
4.
6)
; 
60
7 
(8
.1
); 
14
96
 (8
.1
); 
14
95
 (6
.6
 
Fr
ee
-ra
ng
e 
br
oi
le
rs
 b
ef
or
e 
an
d 
af
te
r s
la
ug
ht
er
 
20
05
U
K
G
rie
ks
po
or
 e
t a
l.
(2
01
0)
21
 (2
8)
; 4
5 
(2
1)
; 4
8 
(1
0)
 
45
 (1
9)
; 2
1 
(1
4)
; 5
0 
(1
0)
; 
48
 (8
) 
B
ro
ile
rs
 
20
02
-2
00
4
S
E
24
M
of
fa
tt 
et
 a
l.
(2
01
0)
49
 (7
6.
9)
 
49
 (7
6.
9)
 
H
um
an
 
20
05
AU
Ya
be
et
 a
l.
(2
01
0)
C
hi
ck
en
: 3
53
 (4
3.
8)
; 
44
3 
(1
8.
8)
 
H
um
an
: 2
2 
(3
8.
1)
; 3
53
 
(1
9)
 
C
hi
ck
en
: 4
05
2 
(4
3.
8)
; 4
40
 
(1
8.
8)
 
H
um
an
: 2
2 
(2
3.
8)
; 4
00
 
(9
.5
); 
40
51
 (9
.5
) 
H
um
an
, c
hi
ck
en
 
19
97
,
20
01
-2
00
9
JP
N
, T
H
 
Sp
ro
st
on
 e
t a
l.
(2
01
0)
C
at
tle
 a
nd
 s
he
ep
: 6
1,
 
48
, 4
2 
Fl
ie
s:
 5
2,
 9
52
, 2
06
, 6
1,
 
21
C
at
tle
 a
nd
 s
he
ep
: 6
1,
 4
8,
 
42
Fl
ie
s:
 5
2,
 3
21
7,
 2
06
, 6
1,
 
19
Sl
ug
s:
 3
21
8 
on
ly
 
C
at
tle
, s
he
ep
, f
lie
s,
 s
lu
gs
 
20
06
SC
T 
Zh
an
g 
et
 a
l.
(2
01
0)
21
 (1
1.
8)
; 3
53
 (1
0.
8)
; 
44
3 
(6
.5
) 
35
3 
(9
.7
); 
22
74
 (8
.6
) 
H
um
an
, c
hi
ck
en
 
20
03
-2
00
8
C
N
W
irz
 e
t a
l.
(2
01
0)
45
: (
18
.9
); 
21
 (1
8.
5)
; 
25
7 
(1
1.
5)
 
45
 (1
4)
; 2
57
 (1
1.
1)
; 5
0 
(7
.4
); 
21
 (7
); 
48
 (7
); 
58
6 
(5
.8
); 
39
63
 (4
.9
 
Br
oi
le
rs
 
20
08
C
H
W
illi
am
s 
et
 a
l.
(2
01
0)
37
04
B
an
k 
vo
le
 
20
01
,2
00
3-
20
05
U
K
C
ol
le
s 
et
 a
l.
(2
01
1)
D
om
es
tic
at
ed
 m
al
la
rd
 
du
ck
s:
 4
5 
(4
6.
6)
; 2
1 
(1
9.
2)
; 4
2 
(1
7.
8)
 
W
ild
 m
al
la
rd
 d
uc
ks
: 
70
2 
(2
0)
 
D
om
es
tic
at
ed
 m
al
la
rd
 
du
ck
s:
 4
5 
(4
6.
6)
; 1
9 
(1
9.
2)
; 4
47
 (1
6.
4)
 
W
ild
 m
al
la
rd
 d
uc
ks
: 7
02
 
(2
0)
; 3
32
1 
(2
0)
 
D
om
es
tic
at
ed
 a
nd
 w
ild
 
m
al
la
rd
 d
uc
ks
 
20
07
U
K
O
po
rto
 e
t a
l.
(2
01
1)
21
, 2
06
, 2
57
 
57
2,
 2
57
, 2
27
, 2
67
, 4
01
6,
 
50
R
um
in
an
t, 
po
ul
try
, h
um
an
 
20
03
-2
00
9
E
S
P
at
ria
rc
hi
 e
t a
l.
(2
01
1)
45
45
Po
ul
try
, f
ar
m
 e
nv
iro
nm
en
t 
20
06
-2
00
7 
IR
L 
H
as
tin
gs
 e
t a
l.
(2
01
1)
46
4 
(4
9.
4)
; 6
61
 (2
0.
2)
 
46
4 
(4
6.
1)
; 8
14
 (1
5.
7)
; 
42
25
 (1
2.
4)
; 4
5 
(6
.7
); 
35
4 
(5
.6
)
Po
ul
try
 tr
an
sp
or
ta
tio
n 
cr
at
es
 
20
09
U
K
Be
hr
in
ge
re
t a
l.
(2
01
1)
,
O
ya
rz
ab
al
 e
t a
l. 
(2
00
8)
, 
M
ill
er
 e
t a
l. 
(2
00
9)
35
3
35
3
R
et
ai
l b
ro
ile
r m
ea
t 
C
ae
ca
l a
nd
 fa
ec
al
 s
am
pl
es
 
of
 c
hi
ck
en
s 
in
 th
is
 s
tu
dy
 
20
05
-2
00
7
U
S
25
w
er
e 
de
sc
rib
ed
 b
y 
O
ya
rz
ab
al
 e
t a
l. 
20
08
 a
nd
 
M
ill
er
 e
t a
l. 
20
09
 
K
itt
l e
t a
l.
(2
01
1)
21
 (2
8.
7)
; 2
57
 (2
0.
6)
; 
48
 (1
1.
8)
; 2
06
 (9
.6
); 
35
3 
(6
.6
) 
25
7 
(2
0.
6)
; 2
1 
(1
5.
4)
; 4
8 
(1
1.
8)
; 5
0 
(9
.6
) 
H
um
an
 
20
08
C
H
Za
ut
ne
r e
t a
l.
(2
01
1)
21
 (2
7.
8)
; 4
5 
(1
1.
7)
; 
20
6 
(7
.9
); 
48
 (6
.8
); 
61
 
(4
.1
); 
25
7 
(3
.8
) 
21
 (1
0.
3)
; 4
5 
(6
); 
50
 (4
.1
) 
H
um
an
; c
hi
ck
en
; c
at
tle
; 
tu
rk
ey
 
G
E 
Jo
rg
en
se
n 
et
 a
l.
(2
01
1)
45
 (~
15
.8
); 
21
 (~
10
); 
57
4 
(~
9.
9)
; 4
43
 (~
8.
1)
 
45
 (7
.2
); 
57
4 
(7
.2
); 
51
 
(6
.7
); 
25
7 
(3
.8
) 
B
ro
ile
rs
 
20
04
-2
00
6
G
B 
W
an
g 
et
 a
l.
(2
01
1)
35
3 
(4
5)
; 4
8 
(1
3.
3)
; 2
1 
(1
0.
8)
; 4
5 
(5
.8
) 
35
3 
(1
5.
8)
; 5
0 
(7
.5
) 
C
hi
ck
en
 m
ea
t (
~9
7%
) 
20
02
U
S
M
ag
nu
ss
on
 e
t a
l.
(2
01
1)
45
 (3
8)
; 2
1 
(2
8)
; 4
8 
(1
0)
; 2
06
 (1
0)
 
53
 (2
5)
; 4
5 
(2
3)
; 4
8 
(7
.7
) 
Po
ul
try
; h
um
an
; s
he
ep
; 
en
vi
ro
nm
en
ta
l s
ou
rc
es
; 
ca
ttl
e 
19
99
-2
00
2
IS
 
O
'M
ah
on
y 
et
 a
l.
(2
01
1)
25
7 
(4
4.
1)
; 4
8 
(1
7.
6)
; 
21
 (1
4.
7)
 
25
7 
(4
1.
2)
; 4
8 
(1
7.
6)
; 1
9 
(1
1.
8)
 
Br
oi
le
rs
 a
nd
 b
ro
ile
r h
ou
se
 
en
vi
ro
nm
en
t 
20
06
-2
00
7
IR
L 
Sp
ro
st
on
 e
t a
l.
(2
01
1)
C
at
tle
: 6
1 
(2
1.
8)
; 4
8 
(1
6.
1)
; 4
2 
(1
2.
6)
 
Sh
ee
p:
 6
1 
(3
3.
3)
; 4
5 
(3
3.
3)
 
C
at
tle
: 6
1 
(1
9.
5)
; 4
8 
(1
3.
8)
 4
2 
(1
2.
6)
 
Sh
ee
p:
 6
1 
(3
3.
3)
 
C
at
tle
; s
he
ep
  
20
06
SC
T 
Sa
na
d
et
 a
l.
(2
01
1)
21
 (3
2.
3)
; 4
2 
(3
0.
6)
 
10
13
 (1
7.
7)
; 7
97
 (1
1.
3)
; 
45
9 
(8
.1
); 
49
24
 (8
.1
) 
C
at
tle
 
20
08
U
S
S
ip
py
 e
t a
l.
(2
01
1)
21
Sp
ar
ro
w
: S
T-
50
89
, S
T-
80
6
W
ild
 b
ird
: S
T-
80
6 
Sh
ee
p 
ab
or
tio
n:
 S
T-
80
6 
Sp
ar
ro
w
s,
 w
ild
 b
ird
s,
 
sh
ee
p 
20
04
,
20
09
-2
01
0
U
S
N
ie
de
re
r e
t a
l.
(2
01
2)
21
 (4
2.
4)
; 4
8 
(9
.9
); 
25
7 
(9
.2
)
21
 (2
3.
3)
; 5
0 
(1
1.
3)
; 4
8 
(8
.9
); 
25
7 
(8
.2
) 
H
um
an
 
20
09
C
H
 a
nd
 
fo
re
ig
n 
tra
ve
l 
ca
se
s 
G
rip
p 
et
 a
l.
(2
01
2)
21
; 4
5;
 2
06
; 4
8 
50
; 2
1;
 5
72
; 4
5;
 4
8 
H
um
an
, c
hi
ck
en
, p
ig
, 
20
06
-2
01
0
G
E 
26
ca
ttl
e,
 w
ild
 b
ird
s,
 p
et
s 
Ja
y-
R
us
se
ll 
et
 a
l.
(2
01
2)
21
Fe
ra
l S
w
in
e 
20
06
U
S
Lé
ve
sq
ue
 e
t a
l.
(2
01
2)
45
 (2
1.
8)
; 1
27
5 
(1
1.
3)
; 
17
9 
(1
0.
9 
45
 (1
3.
5)
; 3
88
9 
(7
.1
); 
63
7 
(6
)
En
vi
ro
nm
en
ta
l w
at
er
s 
20
05
-2
00
7
C
A
1 P
er
ce
nt
ag
e 
of
 to
ta
l C
. j
ej
un
i i
so
la
te
s 
th
at
 w
er
e 
ty
pe
d,
 if
 k
no
w
n 
or
 c
al
cu
la
te
d 
2 In
 d
es
ce
nd
in
g 
or
de
r o
f n
um
be
rs
 o
f i
so
la
te
s 
pe
r s
ou
rc
e 
3 C
ou
nt
ry
 a
bb
re
vi
at
io
ns
: U
K=
U
ni
te
d 
Ki
ng
do
m
; N
L=
Th
e 
N
et
he
rla
nd
s;
 A
U
=A
us
tra
lia
; N
Z=
N
ew
 Z
ea
la
nd
; J
PN
=J
ap
an
; C
A=
C
an
ad
a;
 
BE
=B
el
gi
um
; U
S=
U
ni
te
d 
St
at
es
 o
f A
m
er
ic
a;
 D
K=
D
en
m
ar
k;
 C
Z=
C
ze
ch
 R
ep
ub
lic
; Z
A=
S
ou
th
 A
fri
ca
; F
R
=F
ra
nc
e;
 S
E=
S
w
ed
en
; 
EN
G
=E
ng
la
nd
; C
W
=C
ur
aç
ao
; E
G
=E
gy
pt
; S
N
=S
en
eg
al
; F
I=
Fi
nl
an
d;
 S
C
T=
S
co
tla
nd
; P
R
=P
ue
rto
 R
ic
o;
 T
D
=C
ha
d;
 T
N
=T
un
is
ia
; 
ID
N
=I
nd
on
es
ia
; L
U
=L
ux
em
bo
ur
g;
 C
H
=S
w
itz
er
la
nd
; M
EX
=M
ex
ic
o;
 B
D
=B
an
gl
ad
es
h;
 G
R
D
=G
re
na
da
; T
H
=T
ha
ila
nd
; C
N
=C
hi
na
; 
ES
=S
pa
in
; I
R
L=
Ire
la
nd
; G
E=
G
er
m
an
y;
 G
B=
G
re
at
 B
rit
ai
n;
 IS
=I
ce
la
nd
27
2.4 Source attribution of C. jejuni infections 
An advantage of subtyping is a more accurate determination of the 
contribution of each potential source of infection and thus the relative 
importance to the overall burden of disease. Put simply, the overlap of 
subtypes between clinical isolates and those of potential sources of 
infection may indicate a clonal relationship. In Norway, the greatest 
overlap between isolates obtained from sporadic human infections 
and poultry was found by serotyping, whereas there was little overlap 
between isolates taken from humans and pigs (Kapperud et al. 1984, 
Rosef et al. 1985). In Denmark the greatest overlap was found 
between human and chicken isolates, whereas wildlife sources carried 
distinctly different serotypes (Petersen et al. 2001). During a seasonal 
peak in Finland, 34% of the human isolates had an overlapping 
sero/PFGE genotype pattern with those of chickens (Kärenlampi et al.
2003).
Both serotyping and PFGE were utilized to distinguish between 
isolates obtained from sporadic cases and outbreak cases, and PFGE 
was found to be more discriminatory (Fitzgerald et al. 2001). In 
combination with epidemiological analysis and exposure histories 
PFGE is a powerful tool for outbreak source tracing. Both serotypes 
and PFGE genotypes of isolates taken of samples taken from humans 
and water bodies were the same in a Danish waterborne outbreak 
(Engberg et al. 1998). Moreover, in a Finnish waterborne outbreak 
the PFGE types obtained from all except one patient, and a tap water 
sample were identical (Hänninen et al. 2003). Furthermore, in a 
milk-borne outbreak in Finland, PFGE analysis showed the genotypes 
to be indistinguishable between members of the same farming family, 
the milk and also the milk storage tank (Schildt et al. 2006).  
PFGE does not show the clonal relationships between isolates 
(Maiden et al. 1998) and generates too great diversity to be useful in 
long-term epidemiological investigations about the relative 
importance of potential sources. However, MLST provides 
information on clonal relationships between closely related STs. 
MLST has enabled the identification of several host-adapted clonal 
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lineages of C. jejuni, in which certain MLST loci are overrepresented 
among different hosts (McCarthy et al. 2007). The MLST sequence 
data can serve as an input in modeling methods developed to infer the 
population structure of MLST data. Structure in particular has raised 
much attention and has been used in several C. jejuni source 
attribution studies carried out in the UK (Pritchard et al. 2000, 
Falush et al. 2003, McCarthy et al. 2007, Sheppard et al. 2008, 
Sheppard et al. 2009b, Strachan et al. 2009). Other models that have 
been used for source attribution of Campylobacter infection are the 
‘asymmetric island model’ and the ‘Hald model’ in New Zealand 
(Mullner et al. 2009a), in addition to several in-house attribution 
models used in England and Finland (Wilson et al. 2008, Ranta et al.
2011). The program designated Bayesian Analysis of Population 
Structure (BAPS) (Corander et al. 2003, Corander & Marttinen 2006, 
Corander et al. 2008, Tang et al. 2009) has been developed and has 
been used in population genetic structure analysis of Escherichia coli 
(Gordon et al. 2008), Streptococcus pneumonia (Hanage et al. 2009) 
and Neisseria (Corander et al. 2012). All models intrinsically have the 
Bayes’ theorem in common that is used to infer the population 
structure. The (posterior) probability that an ST belongs to a certain 
population is proportional to the a priori assignment of the ST to a 
particular population, in addition to the likelihood of the posterior 
probability. 
Figure 2 shows studies that have used mathematical modeling for 
source attribution of human Campylobacter infections. The term 
poultry refers to domesticated avian sources, such as broilers and 
turkeys and ruminants refer to ovine and bovine sources. In all 
studies reviewed the majority of campylobacteriosis cases were 
assigned to poultry. However, in a study on Finnish and Norwegian C.
jejuni isolates the high attribution to poultry may represent a lack of 
systematic data on potential sources in the studied countries (Ranta et
al. 2011). In a Scottish study including C. jejuni isolates obtained from 
children younger than five years of age who were living in either rural 
or urban areas, ruminants were found to account for the majority of 
the disease, which was especially pronounced in the rural children 
(Strachan et al. 2009). Another Scottish study combined Structure 
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and case-case logistic regression analysis of risk factors between the 
cases attributed to different sources (Bessell et al. 2012). Compared to 
the patient isolates attributed to the ruminants, patient isolates 
attributed to poultry were more likely to be adults, females, patients 
living in areas with a population density of > 500 people/km2 and 
patients who had recently travelled overseas. Moreover, poultry 
attributed cases seemed to occur more often during the winter than 
summer.
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2.5 Putative genetic markers in C. jejuni 
2.5.1 Sugar metabolism 
Generally, C. jejuni has few systems for carbohydrate transport. For 
example, it is unable to utilize glucose as an energy source due to the 
absence of the glycolytic enzyme phosphofructokinase (Parkhill et al.
2000). However, the utilization of fucose had long been described but 
only recently a fucose permease (FucP) was characterized and 
annotated to the gene Cj0486c (Stahl et al. 2011). The gene is present 
in the strains National Collection of Type Cultures (NCTC) 11168, 
RM1221, but not in 81-176 (Stahl et al. 2011). The Cj0486c gene has 
been shown to be related to the invasiveness of C. jejuni strains and 
has subsequently been used as a genetic marker for the invasiveness 
of C. jejuni isolates (Fearnley et al. 2008). A Finnish study found that 
the Cj0486c gene was more common among sporadic clinical isolates 
associated with foreign travel than domestically acquired cases 
(Feodoroff et al. 2010). Moreover, fucP was not required for the 
colonization of a chick model nor was it host-associated (Muraoka, 
Zhang 2011). Muraoka and Zhang (2011) also showed that fucP and 
ggt (discussed in next chapter) were almost always mutually exclusive 
(Muraoka & Zhang 2011). 
2.5.2 Amino acid metabolism 
Despite the absence of many carbohydrate transport systems, C. jejuni 
has an extensive range of amino acid usage. The amino acids proline 
(Leach et al. 1997), serine (Velayudhan et al. 2004), aspartate and 
glutamate (Guccione et al. 2008) are considered to be important 
sources of energy for C. jejuni (Hofreuter et al. 2008). However, 
certain enzymes that are related to amino acid metabolism are present 
in some strains, but not in all. For example, the C. jejuni strains 81-
176 and 81116 express the enzyme -glutamyl transpeptidase (GGT), 
which enables these strains to utilize glutamine and glutathione 
(Hofreuter et al. 2006, Barnes et al. 2007, Hofreuter et al. 2008). 
This is in contrast to the C. jejuni strains NCTC 11168 and RM1221, 
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which do not have a GGT homolog (Hofreuter et al. 2006). Similarly, 
it was demonstrated that an additional secretion signal in the 5´-
region of a cytoplasmic L-asparaginase (here designated as ansBs)
permits the L-asparaginase to reach the periplasm where it hydrolyses 
asparagine into aspartate. Aspartate can then be taken up by the cell 
and utilized as a nutritional source (Hofreuter et al. 2008). 
In several studies GGT and ansBs have been shown to be associated 
with host and ST (Gonzalez et al. 2009, Revez et al. 2011, Zautner et 
al. 2011, Gripp et al. 2011). Gonzalez et al. (2009) showed that the ggt 
gene was more common among the human and poultry isolates, than 
among their bovine isolates. Revez et al. (2011) reported GGT activity 
in ST-22 but not ST-1947 and both are divergent by only one 
nucleotide from each other. Zautner et al. (2011) suggested that both 
metabolic traits, together with dmsA can be used to distinguish ST-45 
and ST-283 CC isolates from the ST-21, ST-48 and ST-206 CCs 
isolates. GGT-positive strains may be related to a more severe disease 
outcome; a Finnish study found that GGT-positive isolates were 
associated with bloody stools (Feodoroff et al. 2010). Moreover, GGT 
production was significantly more common among their domestic 
isolates (Feodoroff et al. 2010).  
In summary, several studies have shown that fucP (Stahl et al. 2011, 
Muraoka & Zhang 2011) and GGT and ansBs (Zautner et al. 2011, 
Hofreuter et al. 2008) are not present in all C. jejuni strains. 
However, they may confer a certain advantage in colonization, 
infection, stress response or host adaptation. Zautner et al. (2011) 
found host and ST associations with the presence or absence of GGT 
and ansBs, whereas no host association of fucP was found (Muraoka 
& Zhang 2011). Both studies included a limited number of isolates 
from few sources. A comprehensive study including a large and 
diverse set of strains would be beneficial to confirm possible host and 
ST associations.
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2.5.3 Putative virulence determinant flagellar secreted 
protein (fspA)
Motility, mediated by the flagellar machinery, is a prerequisite to 
invade the mucous layer and establish infection. Mutants of the major 
flagellin protein, FlaA, have been shown to be unable to colonize the 
chicken gut (Wassenaar et al. 1993). The expression of FlaA is 
regulated by the 28 promoter (Guerry et al. 1991). Several 
nonflagellar proteins are regulated by the same promoter, such as the 
cdtC subunit of the cytolethal distending toxin (Carrillo et al. 2004).  
Poly et al. characterized a structurally nonflagellar protein that is 
controlled by the 28 promoter (Poly et al. 2007). The protein was 
designated flagellar secreted protein (FspA; Cj0859c) and it showed 
remarkable heterogeneity among different C. jejuni strains. Two 
protein forms were described; FspA1, a highly immunogenic protein 
that protected against illness in a mouse model, yet did not prevent 
colonization (Baqar et al. 2008). FspA2, the second isoform, induced 
apoptosis in cell cultures (Poly et al. 2007). FspA2 is the more 
heterogeneous isoform of the two proteins and it has an additional 
subgroup (2p). The sequences in this group all contain a stop codon at 
a position before the terminal 142 position (Pootong et al. 2011). 
Due to the ability of FspA2 to induce apoptosis in cell cultures it may 
represent an interesting virulence determinant in human infections. 
On the other hand, FspA1 may represent a potential vaccine 
candidate, due to its immunogenicity. However, to date, the presence 
of the two isoforms in different sources has not been studied. 
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Aims of the study
The main objectives of this PhD study were to examine the molecular 
epidemiology using MLST as a principal methodological approach 
and also to perform source attribution using the program BAPS on 
Campylobacter jejuni isolates that had been obtained from a wide 
variety of reservoirs in Finland. An additional aim was to find whether 
certain genetic and metabolism-associated markers are host or ST/CC 
related. 
Specifically, 
1. Use MLST to study the overlap and the temporary dynamics of 
human and chicken C. jejuni isolates obtained in Finland 
between 1999 and 2006. 
2. Estimate the attribution of domestic human C. jejuni infections 
that occurred during 2003 to bovine and poultry sources. 
3. Analyse the population structure of C. jejuni that had been 
isolated from diverse environmental sources, poultry, bovines 
and humans. 
4. Study the association of different fspA alleles for host, ST and 
CC. 
5. Analyse the associations of GGT, fucP and ansBs with MLST 
types and consider the implications for host preference. 
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Materials and Methods 
4.1 Bacterial isolates (I-V) 
After initial recovery, all isolates were stored frozen at -70°C in either 
skimmed milk or Nutrient broth with 15-20% glycerol. Isolates were 
sub-cultivated on blood agar and incubated at 37°C under 
microaerobic conditions between 24 to 48 hours. 
Table 2 Campylobacter jejuni isolates obtained from domestic acquired human 
infections (n=454), poultry (n=211), bovines (n=120) and environmental sources 
(n=113) included in this study 
Source of isolates Number of isolates Year Reference 
Human, domestic 
92 1996 Hänninen et al.(2000)
75 1999 Vierikko et al.(2001)
109 2002 Schönberg-Norio et al. (2004) 
97 2003 Kärenlampi et al.(2007)
81 2006 Feodoroff et al.(2009)
Chicken, caecal 28 1999 Perko-Mäkelä et al. (2002) 
Poultry, meat 33 2003 Kärenlampi et al.(2007)
Chicken, caecal 62 2006 Study I 88 2007 Study I 
Bovine 
18 2003 Kärenlampi et al.(2007)
102 2003 Hakkinen et al.(2007)
Surface waters 
11 2000-
2001
Hörman et al.
(2004)
24 2009 Study  III 
Recreational beaches 
9 2005 Study  III 
12 2006 Study  III 
1 2007 Study  III 
Barnacle and Canada geese 8 2005 Study  III 
Barnacle geese and gulls 15 2007 Study  III 
Barnacle geese 14 2010 Study  III 
Helsinki Zoo 19 2008 Study  III 
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4.2 DNA isolation (I-V) 
DNA was extracted with the Wizard Genomic DNA Purification Kit 
(Promega, Madison, WI, USA) for the C. jejuni isolates for which no 
prior MLST data had been available in the following studies; Study I 
(human isolates from 1999 and 2006 and chicken isolates from 2006 
and 2007, study II (102 bovine isolates) and in study IV (all 
environmental isolates). For PCR amplification only purposes in 
studies III and V the REDExtract-N-Amp™ Tissue PCR Kit (Sigma, 
St. Louis, MO, USA) was used to extract DNA. 
4.3 Multilocus sequence typing (I-II, IV) 
MLST was performed as described earlier (Miller et al. 2005, Korczak 
et al. 2009) on the human isolates obtained during 1999 and 2006, 
the chicken isolates obtained in 2006 and 2007, the 102 bovine 
isolates obtained in 2003 and all environmental isolates. PCR 
conditions were adjusted as necessary. Fifty μl of PCR reaction mix 
contained fifty nanogram DNA, 5 μl PCR buffer, 2.5 mM MgCl2, 30 
pmol of each primer, 0.25 mM of each deoxynucleoside phosphate, 
and 1 U of DyNAzyme polymerase. PCR conditions were 94°C for 30 
sec, followed by 56°C for 30 sec, and 72°C for 1 min (35 cycles) or 
60°C for 30 sec and 72°C for 2 min (30 cycles) for primers described 
by Korczak et al. (2009) and Miller et al. (2005). The MultiScreen 
PCR plates (Millipore, Billerica, MA) were used for the purification of 
the PCR products. Sequencing was carried out by the BigDye 
terminator version 3.1 ready reaction cycle sequencing kit (Applied 
Biosystems, Foster City, CA). The annealing temperature for the 
primers was either 51°C (Korczak et al. 2009) or 55°C (Miller et al.
2005). The Agencourt CleanSEQ kit was used for the purification of 
the reaction mixtures. The sequencing products were run on an 
ABI3130XL genetic analyzer or an ABI3730 DNA analyzer (Applied 
Biosystems, Carlsbad, CA, USA). Contig assembly and sequence 
editing were performed with Bionumerics version 5.1 software 
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(Applied Maths, Belgium). The PubMLST database was used (Jolley 
2012) for allele, sequence type and clonal complex assignment. 
4.4 Bayesian Analysis of Population Structure 
(BAPS) (II, IV) 
The BAPS version 5.3 program (Corander et al. 2003, Tang et al.
2009, Marttinen et al. 2008) was used to investigate genetic structure 
of the populations by clustering STs into genetically differentiated 
groups, which were subsequently evaluated to predict the sources of 
human campylobacteriosis. The analysis included linkage clustering 
and use of the corresponding admixture model (Corander & 
Marttinen 2006, Corander & Tang 2007, Marttinen et al. 2008, Tang 
et al. 2009). The estimation algorithm was used with 10 replicate runs 
for which the maximum number of clusters was set to values in the 
interval 2-10 range. STs were assigned to clusters with the highest 
posterior probability. Admixture inference was based on 100 Monte 
Carlo runs and 100 Monte Carlo reference samples to estimate the p-
values. Significant admixture was set at the threshold level of P < 0.05 
to detect admixed STs.  
4.5 PCR analysis for Cj0029 (V); Cj0486 (V) and 
Cj0859c (IV) 
Primers for amplification of the presence or absence of Cj0486,
isoforms fspA1 and fspA2 of the Cj0859c gene and a secretory signal 
at the 5´end of Cj0029 are described in Table 3. For sequencing of the 
fspA1 allele, a new primer; pgo6.13 (5´-
TTGTTGCAGTTCCAGCATCGGT-3´) was designed.  
38 
Table 3 Primers for amplification of Cj0029, Cj0486 and Cj0859c
Gene Primers Controls Reference 
Positive Negative 
Cj0029
ansBF 5´-GGG GAA TGG TAA CTC CAC AA-
3´ 81-176 NCTC 11168 Study V ansB2R (5´-CCT GCT ATC CTT CCA CCT 
GT-3´)
Cj0486
cj0486 FWD 5´-
GATAGAGCATTAAATTGGGATG-3´ 81116 81-176 Fearnley etal. (2008) cj0486 REV 5´-
CCTATAAAGCCATACCAAGCC-3´
Cj0859c
F: pg06.14 (5´-
CCTATTTATGGATTGCAATTTCACCCCG-3´) Poly et al.
(2007)R: pg06.15 (5´-
CTTGAAACGATCAAGGGTAGGGCAGC-3´)
The PCR reaction mix and conditions for Cj0486 were as described by 
Fearnley et al. (2008). The other PCRs contained 1x PCR buffer 
(Thermo Fisher Scientific, Vantaa, Finland), 250 μM of each dNTP 
(Thermo Fisher Scientific) and 1 U DyNAzymeTM DNA Polymerase 
(Thermo Fisher Scientific). Half a mM MgCl2 (Sigma Aldrich Finland 
Oy, Helsinki, Finland) and 10 pmol of each primer was used for the 
Cj0029 PCR. One mM MgCl2 (Sigma Aldrich Finland oy) and 2 pmol 
of each primer was used for the Cj0859c PCR. All primers were 
synthesized by Oligomer Oy, Helsinki, Finland. Fifty ng genomic DNA 
was added in all PCR runs. 
The cycling conditions for Cj0029 were as follows: initial 
denaturation at 95°C for 5 min, 30 cycles of denaturation at 95°C for 
30 sec, annealing at 55°C for 45 sec and extension at 72°C for 45 sec 
followed by a final extension at 72°C for 10 min. The conditions for 
the Cj0859c PCR were as follows: denaturation at 95°C for 5 min, 
followed by 30 cycles of denaturation at 95°C for 30 sec, annealing at 
55°C for 30 sec and extension at 72°C for 1 min, followed by a final 
extension at 72°C for 7 min. 
Sequencing of 90 of the Cj0859c PCR products was performed using 
primers pgo6.13 and pgo6.15 for fspA1 (28 isolates) and primers 
pgo6.14 and pgo6.15 for fspA2 (62 isolates) at an annealing 
temperature of 55°C. Purification and sequencing was performed as 
described under heading 4.3.
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The sizes of the PCR products of ansB with and without a secretion 
signal differed by 40 bp; therefore a 3% MetaPhor (Lonza Group Ltd, 
Switzerland) gel was used for visualization. All other PCR products 
were run on a 1.5% I.D.NATM agarose gel (Lonza Group Ltd, 
Switzerland). 
4.6 Detection of -glutamyl transpeptidase (V) 
GGT activity was qualitatively detected by using the method described 
earlier (Chevalier et al. 1999). Bacteria were collected after 24 hours 
of growth on nutrient agar plates supplemented with 7% blood under 
microaerobic conditions at 37°C. A 10 μl loopful, estimated to contain 
109 bacteria, was collected and suspended in 200 μl of water to which 
200 μl of reagent (100 mM Tris (pH 8.25); 2.9 mM L--glutamyl-
carboxy-3 nitro-4 anilide; 100 mM glycylglycine) was added. The 
suspension was incubated at 37°C for 30 minutes and the isolates 
were scored as GGT positive (yellow color) or negative (opaque/white 
color). C. jejuni strains 81-176 and NCTC 11168 were used as a positive 
and negative control, respectively. 
4.7 Data analysis (I-V) 
In all studies (I-V) the Fisher’s exact two-tailed test or Chi-square 
two-tailed test was used to assess associations between host and ST or 
CC (I-II and IV), between host and fspA alleles (III), between host and 
ST or CC and BAPS clusters (II, IV) and between ST or CC and GGT, 
fucP or ansBs (V). A p-value of < 0.05 was considered significant. 
In study I Simpson’s index of diversity (D) was calculated to 
determine and compare the ST diversity between human and chicken 
isolates. In the calculation, both the frequency and distribution of the 
genotypes are taken into account, resulting in a D-value ranging from 
0 (no diversity) to 1 (unlimited diversity). The more uniform the 
frequency and distribution, the greater the D-value. Linkage analysis 
(sIA) and calculations on the genetic diversity of the populations were 
40
performed using LIAN version 3.5 (Haubold & Hudson 2000) 
available at (http://pubmlst.org/campylobacter/). If there is complete 
linkage equilibrium, which is indicative of a freely recombining 
population, then sIA is equal to 0. If sIA is significantly different from 
0, then there is linkage disequilibrium, which is indicative of a clonal 
population structure. The START2 package program was used to 
calculate the ratio of nonsynonymous to synonymous substitutions 
(dN/dS) in the seven different MLST loci (Jolley et al. 2001).  
In studies I and III population differentiation (Fst) between C. jejuni 
populations obtained from humans and the other reservoirs was 
conducted with DnaSP (Rozas et al. 2003, Librado & Rozas 2009). An 
Fst value of 0 indicates that the two populations are indistinguishable, 
whereas an Fst value of 1 indicates that the two populations are 
genetically distinct.  
In study II, phylogenetic analysis of the STs was performed using the 
MEGA version 4.0.2 software (Tamura et al. 2007). In addition, 
eBURST analysis was performed, using the default settings in 
eBURST version 3 (Feil et al. 2004) at (http://eburst.mlst.net/). 
In study IV, the SignalP 3.0 server was used (Bendtsen et al. 2004) to 
obtain a prediction of signal peptides in the predicted amino acid 
sequence of FspA.  
In study III rarefaction curves were generated by running the EcoSIM 
software version 7.72 with the Shannon index of diversity (Gotelli & 
Entsminger 2002).  
In study V a dendrogram was constructed from a distance-based 
matrix of the allelic profiles by using the neighbor-joining method 
with the Tree drawing tool PHYLIP and Phylodendron both available 
at (Jolley 2012) in addition to using the iTOL online tool (Letunic & 
Bork 2007, Letunic & Bork 2011) available at (http://itol.embl.de/). 
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Results
5.1 Analyses of C. jejuni found in humans, poultry, 
bovine and the environment (I-III) 
A total of 898 C. jejuni isolates were investigated in studies I-III. Of 
these, 50.8% were obtained from humans with domestically acquired 
infections, 23.2% were found in poultry, 13.4% were found in bovines 
and the environmental isolates accounted for 12.6%. In total, 192 STs 
were found of which 65 (33.9%) were novel (Table 4).  
CC ST-21 was the predominant CC among the bovine isolates, 
whereas CC ST-45 was the predominant CC among all other sources. 
ST-45 (27.4%), belonging to CC ST-45; ST-50 (9.1%) belonging to CC 
ST-21 and ST-677 (6.9%) belonging to CC ST-677, were the most 
common STs found (Fig. 3).  
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5.1.1 Overlap between human and chicken C. jejuni isolates 
(I)
Despite the high overlap between STs found in human and chicken C.
jejuni isolates in Finland in 1999, a progressive, significant decline 
occurred over the period from 1999 to 2003 and 2006 in which both 
hosts were studied (Fig. 4). 
Figure 4 Overview of the percentage of overlapping Campylobacter jejuni STs 
between human and chicken isolates in 1999, 2003 and 2006. 
In addition certain trends were disparate between the chicken and 
human host. The prevalence of ST-45 in chickens decreased rapidly 
between 2003 and 2007, whereas among the human isolates such a 
trend was not observed (Fig. 5)
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Figure 5 Trend of ST-45 among human and chicken isolates for the 1996 to 2007 
period. For chicken, isolates from the years 1999, 2003, 2006 and 2007 were 
available; for humans, isolates from the years 1996, 1999, 2002, 2003 and 2006 
were available. 
A declining trend for CC ST-677 was observed among the human 
isolates, whereas the opposite trend was seen for chickens (Fig. 6). 
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Figure 6 Trend of CC ST-677 among human and chicken isolates between 1996 
and 2007. For chicken, isolates from the years 1999, 2003, 2006 and 2007 were 
available; for humans, isolates from the years 1996, 1999, 2002, 2003 and 2006 
were available. 
5.1.2 Attribution of human C. jejuni infections to bovine and 
poultry sources (II) 
A total of 250 bovine, poultry and human isolates, collected in 2003, 
represented 74 STs. These STs were subjected to population structure 
analysis using the BAPS program. Five clusters were shown to fit best 
to the data. 
Of the 120 bovine isolates, 71.7% were found in the bovine-associated 
BAPS clusters 4 and 5 (Table 4). BAPS cluster 5 contained only bovine 
isolates. BAPS cluster 1 was associated with poultry and 72.7% of the 
poultry isolates were found in this cluster. Of the 97 human isolates, 
44.3% were found in bovine-associated BAPS cluster 4 and 45.4% 
were found in poultry-associated BAPS cluster 1. 
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5.1.3 Similarities of environmental C. jejuni isolates to 
human, poultry and bovine isolates (III) 
Diversity analysis showed that the ST diversity among the bovine and 
the wild bird C. jejuni isolates were the highest (Fig. 7A and 7B) 
whereas those of the natural water bodies and poultry isolates showed 
the lowest ST diversity (Fig. 7A and 7C). 
Figure 7A Rarefaction curves of the ST diversity among Campylobacter jejuni 
isolates obtained from bovines, humans and poultry. 
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.
Figure 7B Rarefaction curves of the ST diversity among Campylobacter jejuni 
isolates obtained from bovines, wild birds and Helsinki Zoo animals. 
Figure 7C Rarefaction curves of the ST diversity among Campylobacter jejuni 
isolates obtained from poultry, humans, and natural waters. 
Population differentiation analysis, in which the STs found in one 
source define a population, indicated that the poultry and natural 
water body C. jejuni populations were the most similar to the human 
C. jejuni population. The least similar C. jejuni populations were those 
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found in the bovines compared to those found in chickens and the 
natural water bodies. 
Population structure inference of the 192 STs evaluated using the 
BAPS program showed that four clusters described the data best 
(Table 4). Of the human isolates 25.6% were clustered together with 
the majority of the wild bird and zoo animal isolates and 49.2% of the 
bovine isolates in BAPS cluster 1. The majority of the human isolates 
(65.4%) and natural water body isolates (57.9%) were found in 
poultry-associated BAPS cluster 2, containing 75.5% of the poultry 
isolates. Natural water body isolates were overrepresented in BAPS 
cluster 3. BAPS cluster 4 contained 14.2% of the bovine isolates and 
additionally only 1 human isolate, was exclusively made up of STs 
found in the ST-61 CC. 
5.2 Association of GGT, ansBs, fucP and fspA with 
source and multilocus sequence type (IV-V) 
In study IV, a total of 669 C. jejuni isolates (367 found in humans, 183 
found in poultry and 119 obtained from bovines) were subjected to 
fspA analysis. The most common allele was fspA1 (64.3% of the 
isolates), which was overrepresented among the human and the 
poultry isolates. Statistically significant associations of fspA1 with CC 
ST-22, CC ST-45, CC ST-283 and CC ST-677 were found as well. The 
fspA2 allele was more common among the bovine isolates than among 
the human or the poultry isolates and was associated with a wide 
range of STs and CCs, including CC ST-21 and CC ST-206 and ST-58 
and ST-475. CC ST-48 was clearly dichotomized by the two alleles in 
that ST-48 isolates had only the fspA1 allele, whereas ST-475 had only 
the fspA2 allele (Table 5). 
Study V comprised 710 C. jejuni isolates of which 355 were taken from 
humans, 142 from poultry, 119 from bovines, 52 from natural waters, 
23 from wild birds and 19 from zoo animals. Of these isolates, 31.1% 
produced GGT, 49.3% were positive for ansBs and 30.3% were 
positive for fucP. GGT expression, the presence of ansBs and the 
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absence of fucP was the most common combination among the 
isolates. Statistically significant associations of GGT, ansBs and fucP
with source, ST and CC were found (Table 5). 
The poultry isolates were statistically significantly associated with the 
combination of GGT expression, ansBs presence and fucP absence 
(p=0.012). The environmental isolates were only associated with the 
presence of ansBs (p<0.001), but neither these nor the human 
isolates were associated with any combination of the studied markers.  
The majority of the GGT positive isolates were also positive for ansBs
(93.7%), but only 59.4% of the ansBs positive isolates showed any 
GGT activity (Study V). ST-1947 and CC ST-677 were only positive for 
ansBs. Furthermore, 19.7% of the ST-45 isolates were positive for 
ansBs, 38.2% that were positive for ansBs also expressed GGT, while 
37.6% did not possess any of these metabolic traits. This indistinct 
distribution occurred among all the sources with ST-45. The presence 
of fucP was more homogeneous and it was found in CC ST-21, CC ST-
48, CC ST-52 and CC ST-206. The absence of all the above metabolic 
traits was noted for CC ST-61, CC ST-692, CC ST-1034 and CC ST-
1332. 
Table 5 Associations of the fspA alleles, GGT, ansBs and fucP with source, 
multilocus sequence type and clonal complex. 
Source or CC/ST fspA1 
p-value 
fspA2  
p-value
GGT p-
value 
ansBs p-
value 
fucP p-
value 
Reservoir
Human  <0.001  
Poultry  <0.001 <0.01 <0.001 
Bovine <0.001  <0.001 
Environment ND1 ND <0.001 
CC/ST
CC ST-21 
ST-21
ST-50
ST-53
ST-451 
ST-883 
<0.001 
NA3
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
CC ST-22 <0.001 <0.01 <0.001 
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ST-22
ST-1947 
<0.01 
0.03 
<0.001 <0.001 
0.002 
CC ST-45 
ST-11
ST-45
ST-137 
ST-230 
ST-538 
ST-1326 
ST-3805 
<0.001 
NA2
<0.001 
0.001 
<0.001 
NA2
NA2
NA2
<0.001 
<0.001 
 <0.01 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
 <0.01 
<0.001 
<0.001 
NA3
<0.01 
<0.01 
CC ST-48 
ST-48
ST-475 
NA3
NA3
<0.001 
<0.001 
<0.001 
<0.01 
CC ST-52 
ST-52
<0.01 
0.02 
CC ST-61 
ST-61
ST-618 
<0.001 
<0.001 
0.04 
CC ST-206 <0.01 <0.01 
CC ST-283 
ST-267 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
CC ST-677  
ST-677 
ST-794 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
CC ST-692 0.04 
CC ST-1034 
ST-4001 
NA3
0.04 
CC ST-1275/ST-1268 ND ND 0.03 
CC ST-1287/ST-945 NA2
CC ST-1332/ST-1332 0.02 
Unassigned STs 
ST-58
ST-586 NA2
<0.01 
<0.001 NA3
1ND, Not done 
2NA, All isolates were positive but no statistical significant association was detected 
3NA, A subset of the isolates were positive but no statistical significant association 
was detected 
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5.2.1 Sequence analysis of fspA (Study IV) 
A total of 28 isolates with fspA1 and 62 isolates with fspA2 were 
subjected to sequence analysis (Study IV). The fspA2 allele and the 
predicted FspA2 protein sequence were found to be more 
heterogeneous than fspA1/FspA1 (Study IV). Compared to the 
predicted amino acid sequence of FspA1 of NCTC 11168, a unique 
T52A amino acid substitution was found in all CC ST-22 isolates. 
Additionally a N79D amino acid substitution was found among eight 
isolates that represented diverse CCs.  
From the 62 isolates subjected to fspA2 sequence analysis, a total of 
14 different predicted amino acid sequences were found of which at 
least four were not encoded as full-length proteins (Fig. 8). Deletions 
of nucleotides and either the addition of nucleotides or nucleotide 
substitutions accounted for the four truncated proteins. The 
mutational structures were ST dependent, except for the fspA2 
sequence presented in isolate 1960 (Figure 8) which was also present 
in both ST-1332 and ST-4002, which differ at five MLST loci. 
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Discussion
6.1 Overlap of C. jejuni multilocus sequence types 
between human and chicken isolates (I) 
A steady increase in the numbers of Campylobacter infections has 
occurred in many European countries including Finland since the 
middle of the 1990s (Rautelin & Hänninen 2000, Terveyden ja 
hyvinvoinnin laitos 2010, European Food Safety Authority, European 
Centre for Disease Prevention and Control 2011). The handling of raw 
chicken and consumption of undercooked chicken meat have been 
especially indicated as major risk factors for acquiring the infection 
(Nielsen et al. 2006, Wingstrand et al. 2006). Therefore, we were 
interested in studying the molecular epidemiology of C. jejuni in 
humans and chickens in Finland. Our study included domestically 
acquired campylobacteriosis cases identified in the Helsinki-Uusimaa 
region between 1996 and 2007. Compared to the national situation, 
the reporting ratio of campylobacteriosis cases in this region is 
remarkably high; in 2011 it was 125/100 000 compared to the 
national reporting ratio of 80/100 000 (Terveyden ja hyvinvoinnin 
laitos 2012). This may in part be due to the higher population density 
in this metropolitan region, or exposure to risk factors that may be 
different to those pertaining to other regions in Finland. During the 
time period of our study, the consumption of chicken meat in Finland 
rose and 83% of the produced chicken meat came from domestic 
production sources (Niemi & Ahlstedt 2012). A clear seasonality in the 
numbers of contaminated chicken flocks can be observed, which could 
be indicative of higher numbers of infection episodes in the summer 
months (June-August) compared to low or no detection during the 
winter months (European Food Safety Authority 2010). The chicken 
isolates in this study were retrieved from both chicken caecal samples 
and from meat products at retail outlets. A Finnish study has shown 
that chicken flocks are often contaminated late in the rearing cycle 
and that only one type is usually present at slaughter (Hakkinen & 
Kaukonen 2009). Therefore it is reasonable to presume that the same 
strain can be found both at slaughter and in the meat. Furthermore, 
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population differentiation analysis showed that the C. jejuni 
populations of the isolates extracted from the caecal samples from 
1999 and from chicken meat samples from 2003 were 
indistinguishable. Therefore, we are confident that our results on the 
molecular epidemiology of the C. jejuni strains from humans and 
chickens included in this study are representative of the whole study 
period. 
C. jejuni isolates found in humans and in chickens were available for 
the same time periods, namely: 1999, 2003 and 2006. The overlap 
between the sources declined, from 76% in 1999 to 58% in 2006, 
which suggests that chicken became a less significant reservoir for 
human infections during that period. However, the Fst values 
indicated that the C. jejuni populations of humans and chickens 
became more similar in 2006, compared to 1999. Our Fst values were 
much greater than those reported by a Luxembourg study, which 
suggests less genetic relatedness among our isolates (Ragimbeau et al.
2008). In addition, the genetic diversity of the human isolates in our 
collection was notably higher than that of the chickens. The presence 
of certain STs in humans only or chickens only and opposite trends of 
particular STs in these two hosts also indicates that chickens were not 
the sole infection source during this time period. 
Usually the founder ST of a CC is the most commonly occurring type, 
e.g. ST-21 in CC ST-21. However, ST-50 found to be the most 
predominant ST among both human and chicken isolates among the 
CC ST-21 isolates analyzed in the present study. The exception to this 
was for those isolates obtained in 1999, in which ST-883 was the 
predominant ST in both sources. ST-50 was also reported to be the 
predominant CC ST-21 representative among Belgian isolates (Habib 
et al. 2009), whereas in Sweden (Griekspoor et al. 2010) and the UK 
ST-21 (Dingle et al. 2001a, 2002, 2005, Sopwith et al. 2006) was the 
major ST. The phenomenon of the predominance of ST-50 indicates 
that it is not geographically limited. Thus chicken could be either the 
actual source or share a common source with humans to acquire ST-
21 CC related C. jejuni strains. We also found that certain STs or CCs 
were overrepresented among our isolates, compared to those collected 
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in other countries. CC ST-22 and, especially ST-1947 seems to be 
predominantly limited to Finland. The absence of this ST, in the 
samples taken in 1999, 2002 and 2003, implies that its source or 
sources is or are scarcely available, which may also explain its 
geographical limitation. Although ST-48 has been shown to colonize 
chickens in Sweden (Griekspoor et al. 2010) it was only found in 
humans in our study. It may be the case that the same sources were 
not available to both humans and chickens in Finland. 
6.2 Population structure of C. jejuni isolates from 
humans, poultry, bovines and the environment (II-
III) 
In study II, C. jejuni isolates that were taken from bovines showed a 
high diversity. Among the 102 isolates typed, as many as 50 different 
STs were found, of which almost half were novel. CC ST-21 and CC 
ST-61 were the most common CCs found among the bovine isolates. 
CC ST-61 has often been found in bovines in other studies as well and 
could represent a bovine-adapted CC (Colles et al. 2003, French et al.
2005, Kwan et al. 2008a, 2008b). Most of the STs found in CC ST-61 
contain an uncA allele that was imported from C. coli. The longer 
lifespan of cattle compared to that of broilers could provide long-term 
settlement of Campylobacter and also allow colonization by different 
strains, which could allow recombination to occur. Moreover, BAPS 
analysis showed that admixture, which is indicative of recombination, 
was a common finding among the C. jejuni STs in bovines. 
The BAPS analysis in study II included STs from an additional 18 C.
jejuni isolates found in bovines, 33 poultry meat isolates and 97 
human isolates in the same time period (Kärenlampi et al. 2007). In 
total, 74 STs were obtained on which admixture analysis was 
performed. Five clusters best fitted our dataset, of which clusters 1 
and 4 were the largest. Cluster 1 comprised the majority of the poultry 
isolates (72.7%) and clusters 4 and 5 were found to contain 71.7% of 
the bovine isolates. Of the human isolates, 44.3% were found in 
bovine BAPS cluster 4 and 45.4% were found in poultry BAPS cluster 
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1. This attribution of human infections to poultry and bovine sources 
was slightly different to those reported earlier in other countries 
(Wilson et al. 2008, Sheppard et al. 2009b, Strachan et al. 2009, 
Mullner et al. 2009b). Generally, poultry is considered to be the more 
important source (between 57%-80%) in other countries and our 
lower attribution could have reflected the limited number of poultry 
meat samples. However, Finland has a lower prevalence of C. jejuni-
positive chicken flocks compared to other European countries 
(European Food Safety Authority 2010) and most of the consumed 
fresh poultry meat in Finland originates from domestic production 
(Niemi & Ahlstedt 2012). Therefore it is feasible that source 
attribution results reported in this study genuinely may differ between 
Finland and other European countries. Nevertheless, the attribution 
of 44.3% of the human infections to bovines seems excessive, as C.
jejuni was only detected on 3.5% of bovine carcasses and no similar 
PFGE types between humans and bovines was found earlier 
(Hakkinen et al. 2007).  
In study III we included all human, chicken, bovine isolates and 
environmental C. jejuni isolates. A new BAPS analysis was performed 
which was compared with the results of the BAPS analysis in study II. 
The following comparative results were obtained: in study III we a) 
found one less cluster, b) found fewer human isolates in the bovine-
associated cluster, and c) grouped many uncommon and unassigned 
STs, mainly derived from water, into one cluster. These differences 
can be, in part, explained by the findings of (Latch et al. 2006) 
whereby BAPS tends to overestimate the number of clusters in a 
dataset with a weak genetic structure, which may have happened in 
our dataset in Study II. More than 5000 STs have been described to 
date for C. jejuni (http://pubmlst.org/campylobacter/) which shows 
that even the 192 STs included in Study III is only a snapshot of a 
much larger population. 
In study II, 10.3% of the human infections were not found in either 
the poultry- or bovine-associated cluster. The major CC represented 
among these isolates was the CC ST-677, which migrated into the 
poultry-associated cluster in study IV. This clustering fits with the 
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increasing trend of this CC among the chicken isolates in study I. CC 
ST-677 is scarcely recovered worldwide with noteworthy occurrences 
in starlings and farm wildlife in the UK (Kwan et al. 2008a, Colles et 
al. 2009). In Finland CC ST-677 has been associated with drinking 
non-chlorinated water and water from dug wells. Moreover, patients 
infected with CC ST-677 were more often hospitalized than patients 
with other CCs. (Kärenlampi et al. 2007)Furthermore, a recent 
Finnish study found this CC to be present in more than half of their 
bacteremia isolates (Feodoroff, unpublished data). The indistinct 
associations of CC ST-677 with both warm-blooded hosts and 
environmental reservoirs make it difficult to establish an origin for 
this CC. Nevertheless, this CC is fairly homogeneous, with only 14 STs 
described so far (excluding two STs retracted by our group) 
(http://pubmlst.org/campylobacter/) which may indicate it has one 
or at the most only a small number of origins. Our results suggest that 
poultry may be the major origin of this CC in Finland or could at least 
serve as a transmission route to humans, despite the decrease in 
human infections with CC ST-677 (Study I). 
Study III provided more evidence to support our earlier notion that 
new and unassigned STs were associated with swimming in natural 
water bodies (Schönberg-Norio et al. 2004, Kärenlampi et al. 2007). 
More than half of the STs found in our natural water body isolates 
were new or unassigned and the majority of which grouped into their 
own BAPS cluster. In this BAPS cluster, some human and chicken 
isolates were found as well. However, the diversity of this particular 
cluster reflects intermittent faecal contamination and these C. jejuni 
strains could encounter difficulties in infecting humans. On the other 
hand, C. jejuni has a small infective dose (Blaser & Engberg 2008) 
thus, ingestion of water during swimming may indeed pose a risk of 
infection. Finally, ST-45 was ubiquitous among the water body 
isolates, which supports earlier findings that this ST is 
environmentally well adapted (Sopwith et al. 2008, French et al.
2009) and natural waters may serve as a transmission route for this 
ST. 
66 
Population differentiation and diversity analyses showed that the 
bovine C. jejuni population was the most dissimilar between the 
poultry and natural water body populations. The human 
campylobacteriosis, poultry and natural water isolates were the most 
similar, which supports the Bayesian clustering data. These results 
indicate that both bovines and wild birds carry distinctly different 
genetic lineages of C. jejuni that may have adapted to these hosts, 
which was also an observation made by others (Colles et al. 2008, 
2009, French et al. 2009). An example of such a host-adapted lineage 
for wild birds may be CC ST-1034 (Colles et al. 2008), which was the 
most common occurring CC after CC ST-45 among the wild bird 
isolates. Furthermore, several zoo animals carried CC ST-1034, for 
which wild birds may have acted as a reservoir. 
6.3 C. jejuni multilocus sequence types and their 
relation to GGT, ansBs, fucP and fspA (IV-V) 
The putative virulence trait FspA was characterized by Poly et al.
(2007), who described two isoforms of this protein. FspA1 gave 
protective immunity against C. jejuni in mice, but did not prevent 
colonization of C. jejuni in the mouse gut (Baqar et al. 2008). FspA2 
was less immunogenic than FspA1 (Baqar et al. 2008), but induced 
apoptosis in INT407 cells (Poly et al. 2007). In study IV, we found 
that the fspA1 and fspA2 alleles were strictly associated with different 
STs, CCs and sources. The human-associated ST-48 exclusively 
contained fspA1, whereas the bovine-associated ST-475 retained only
fspA2. Generally, the fspA1 allele was more common among human 
and poultry isolates, whereas the fspA2 allele was more common 
among the bovine C. jejuni isolates. These results suggest that fspA1 
could play a role in the colonization of the gastrointestinal tracts of 
humans and poultry, whereas fspA2 may aid in bovine host 
adaptation. On the other hand, sequence analysis revealed that the 
fspA2 alleles were extremely heterogeneous. Thus selection pressure 
on fspA1 seems to be stronger than for fspA2, which is in line with the 
findings of a recent study in which a second fspA2 group was found 
(Pootong et al. 2011). We found 14 different sequences for FspA2 of 
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which at least four would not encode a full-length protein. ST-58 was 
only found among six bovine C. jejuni isolates and showed a 13 nt. 
deletion, which suggests that FspA2 may not be absolutely necessary 
for at least ST-58 to establish colonization in the bovine gut. 
Diversity in metabolic traits may be indicative of host adaptation and 
possibly have an influence on the pathogenicity of C. jejuni (Hofreuter 
et al. 2008). In study V, 710 isolates that represented all CCs, were 
analyzed for the presence of GGT enzyme activity and the presence of 
the fucP and ansBs genes. Similar to that found for the fspA alleles, 
these traits were either consistently present in, or absent from the 
same CC. However GGT was reported to be present in some STs of CC 
ST-22, but absent from others; i.e. ST-22 produced GGT, whereas ST-
1947 did not (Revez et al. 2011). The ST-45 isolates were rather 
heterogeneous; in 37.6% of these isolates all traits were absent, 
whereas in 38.2% of the isolates both GGT and ansBs were present. 
Generally, fucP was always absent from the ST-45 isolates. On the 
other hand, ST-50 always retained fucP. Both ST-45 and ST-50 were 
found in all the hosts studied. Thus for ST-45 and ST-50, this could 
suggest that these traits, alone or in combination, may not be 
important for the colonization of or adaptation to the host. 
Earlier we found that the presence of the ggt gene was more common 
among human and poultry isolates than bovine isolates (Gonzalez et
al. 2009). In study V, we found that the major CCs present in humans 
and poultry, i.e. CC ST-45 and CC ST-283, were the major CCs 
positive for GGT and ansBs. This finding is in line with observations 
by Zautner et al. (2011). In addition, fucP association with the bovine 
host could have arisen as a consequence of the association of CC ST-21 
with fucP and the bovine host. Nevertheless, several ST lineages 
remain overrepresented among certain hosts (Zautner et al. 2011, 
Gripp et al. 2011). Poultry remained associated with GGT and ansBs
and convincing results by Barnes et al. (2007) and Hofreuter et al.
(2008) suggest that these traits may also be important in poultry gut 
colonization. The bovine isolates were associated with fucP through 
CC ST-21, but the absence of all the traits in the second most common 
CC in bovines (CC ST-61), makes it uncertain whether fucose 
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permease plays a role in bovine gut colonization and adaptation. 
Furthermore, both the human and environmental isolates were 
extremely heterogeneous, which implies that virulence in humans and 
environmental survival does not exclusively depend on these traits.
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Conclusions 
1. The declining overlap between the human and chicken C. jejuni 
populations between the 1999 and 2006 study period, and 
observed opposite trends of certain STs and CCs suggests that 
the importance of chicken as a source for domestically acquired 
C. jejuni infections declined during that study period. 
2. The high diversity of the bovine C. jejuni isolates and weak 
genetic structure of the data indicate that the human isolates 
attributed to bovines by BAPS may have been overestimated in 
study II.  
3. According to our population genetic structure analysis the 
major sources of domestic human infections in the Helsinki-
Uusimaa region during the 1999 to 2006 study period were 
poultry and natural water bodies. 
4. Bayesian analysis of the C. jejuni populations obtained from 
natural water bodies, wild birds, zoo animals, humans, poultry 
and bovines suggest that wild birds are not a major source of 
infection to humans, but may serve as a transmission route to 
zoo animals.
5. FspA proteins were associated with specific lineages of C. jejuni
and may especially play a role in the host adaptation and 
colonization potential of CC ST-48.  
6. The heterogeneous distribution of the GGT enzyme and the 
genes for the metabolic traits fucP and ansBs among the 
bovine, human and environmental C. jejuni isolates, suggest 
their roles in colonization, infection and adaptation may be 
negligible. 
7. Clonal lineages of C. jejuni that are overrepresented among 
certain sources and show associations with genetic markers 
could obscure the sources’ associations with the same genetic 
markers. 
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